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ABSTRACT
SEEPAGE MONITORING AND DIAGNOSIS OF DISTRESSES IN AN EARTH
EMBANKMENT DAM USING PROBABILITY METHODS
by
Seyed Mohammad Reza Mousavian

Failure of embankment dams may result in catastrophic consequences. Considering
seepage and internal erosion are accounted as one of the major causes of failure in earth
embankment dams, it is essential to detect any concentrated seepage and sources of distress
at early stages. A number of investigation and monitoring methods exist for the detection
of seepage, with varying degrees of technological and implementation complexity. This
research, focuses on the Electrical Resistivity Monitoring Method (ERM), and develops a
condition assessment process that allows 1) the identification of potential seepage areas
and progress through visual observation and flow measurement, and 2) the determination
of the most likely paths where piping may have occurred.
In particular, two separate statistical studies are carried out to identify the existence
of and quantify the probability of potential seepage sources in earth embankment dams.
The testing and evaluation of the accuracy and reliability of the ERM method in seepage
detection in earthen hydraulic structures is also undertaken as a result of the correlation of
the field measurements of flow rates and ERM outputs. An earth dam suffering from
seepage is studied and monitored visually and with the ERM to discover and locate the
potential sources and paths of seepages, detected and observed at the downstream toe over
time. A Bayesian network model is developed to evaluate the potential sources and related
paths associated with the detected flows downstream. The model is completed by

developing an approach to estimate the rate of erosion and predict the potential failure time
of the dam with empirical and theoretical methods.
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CHAPTER 1
PRELIMINARIES AND LITERATURE REVIEW

1.1 Introduction
Failure of embankment dams may result in massive damage in the form of human
casualties, destruction of property, pollution of the environment and economic loss.
According to ASCE (2013), the average age of the 84,000 dams in the country is 52 years
old and the overall number of high-hazard dams were estimated at nearly 14,000 in 2012.
As these structures continue to age and the downstream population increases, the potential
for catastrophic failure and its impact continues to grow. As Brosten et al. (2005) reported,
between 1935 and 2001, a total of 205 incidents that affected USACE dams were
documented.
ICOLD (1995) identified the major causes of failure in embankment dams as:
● Overtopping at high flood discharge (about 30% of the total failures);
● Internal erosion and seepage problems in the embankment (about 20%); and
● Internal erosion and seepage problems in the foundation (about 15%)
Other studies determined the source of distress in seepage and internal erosion
failures. Bonala and Reddi (1998) reported in about 25% of the cases the failure was found
from poor filtration design. Also Richards and Reddy (2007) reported nearly one-third of
internal erosion failures may be associated with backward erosion piping, where half of
them were found with erosions along conduits or internal erosions into or along foundation
contacts. Foster et al. (2000) conducted a study on 11,192 embankment dam incidents with
broad range of age, embankment type, construction techniques, and foundation conditions.
They found 46.1% of the failures can be attributed to internal erosion where internal
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erosion through embankment, foundation and from embankment into the foundation were
about 30%, 15% and 1.5%, respectively. About half of the internal erosions through
embankment were found along a conduit or other structures. Interagency Committee on
Dam Safety (ICODS) (2015) reported a number of notable dam failures and incidents
specifically related to internal erosion by identifying the mechanism of internal erosion and
subsequent potential failure modes.
As the studies show, seepage and internal erosion account for a considerable portion
of failure in embankment dams. In part for safety reasons, dams are regularly inspected
and monitored according to regulatory codes. Supervision and regular monitoring of the
tailings impoundment with suitable techniques are currently the most important
requirements to obtain a high level of dam safety. However, the majority of the regular
inspections are limited to annual visual inspections and evaluation of general condition of
the dam. Although visual inspection may detect and address many of the potential issues,
it has significant limitations and is risky when employed as the sole method of safety
monitoring in dams. Hence, it is essential to establish a remedy helping anticipate the
potential hazards, in order to mitigate or respond effectively and efficiently to the identified
risk associated with the pre-failure scenario.
Various dam safety monitoring methods have been developed over the past few
decades. Depending on site condition and limitations, purpose of inspection, parameters
needing to be measured, and level of accuracy of the results, the surveying methods need
to be selected and a monitoring scenario needs to be developed. It should be noted that not
all the surveying methods necessarily provide exactly accurate results in all the monitoring
cases. Though for each surveying method, considering the case condition and the related

2

limitation, the outcome needs to be within an acceptable range of accuracy and reliability
that the method can be employed as a tool towards detecting sources of distress and
potential seepage flow paths. Different seepage scenarios could be developed according to
the potential distressed zones and seepage flow paths detected with the applied surveying
methods. By creating and expanding a probability model, different scenarios are weighted
and the most susceptible distressed zones and the potential flow paths for each detected
seepage flow are identified. To ensure the dam is in the safe condition, it is essential to
check any sign of piping and internal erosion. In the case of any occurrence of internal
erosion, the rate of erosion and potential time of failure needs to be estimated as one of the
major parameters in subsequent process of decision making analysis.

1.2
1.2.1

Description of the Research

Research Objectives

In the case of application of this research project, a soil dam suffering from seepage was
monitored and studied for discovering the potential sources of concentrated flows detected
at the downstream toe. The studied case was a concrete cored, earth embankment dam with
approximate height of 60 feet and located in northern New Jersey. A probability model was
developed to evaluate the potential sources of the detected seepages and rate of erosion
was estimated.
Firstly, two separate statistical studies were implemented. In the first study, the
accuracy and reliability of Electrical Resistivity method in seepage monitoring is evaluated
by reviewing twenty two seepage monitoring cases. In the second study, the origin of the
seepage incidents were classified into four regions as embankment, foundation, abutment
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and embedded culverts. By studying 182 seepage incidents, the probability of each class
as the source of seepage was assessed.
Secondly, the case study dam was reviewed by going over the history of the dam
and previous inspection reports of the dam, prepared by others and implementing site visits
and visual inspections to evaluate the condition of the dam’s structure and seepage.
Electrical Resistivity Tomography was performed along three surveying lines to detect low
resistivity zones as potential seepage areas. Two V-Notch weirs were installed at the
downstream toe to collect two detected outflows and measure the discharges.
Thirdly, potential seepage scenarios were identified based on the results of the ERT
survey and site investigations. A 3D software model was developed for each identified
scenario and the results were compared with the actual collected data on site. By employing
Bayesian probability network, the prior probability of each identified scenario was
determined. Then, the posterior probabilities were calculated as new set of data is observed.
Finally, by assuming an active erosion is occurring and approximating some flow
parameters and seasonal discharge fluctuation, the potential failure time of the dam was
estimated with different theoretical methods and the rate of erosion was estimated with an
empirical strategy.
1.2.2

Research Significance

Embankment dams are critical infrastructures in providing water, generating energy, flood
control, etc. and the failure of such infrastructures may result in catastrophic consequences.
Considering seepage with internal erosion is one of the major causes of incidents,
inspection of soil embankment dams with reliable methods of investigation and predicting
the seepage behavior of the dams are vital to evaluate the dam’s safety.
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Although visual inspection provides valuable information on the general condition
of a dam, it has extensive limitations especially for evaluation of seepage and underground
uncertainties. Advanced technology offers various methods and tools for underground
monitoring and geology investigations and these technologies have been evolved over the
past few decades. There are number of studies showing applicability and effectiveness of
geophysical methods in seepage monitoring. These studies mainly focus on reliability of
each method, by comparing the results of observing the same case study with different
methods, or by implementing guarantee observation tests.
On the other hand, as the seepage condition was monitored with any of
investigation methods, an analytical model is required to evaluate the potential seepage
scenarios according to the surveying results. The model needs to be updated as more
sources of data are available. For this purpose, Bayesian networks serve as a powerful
diagnostic tool to identify the most probable scenarios by taking into account probabilities
of the events and subsequently update the results as any new observation is made. There
are few researchers who have applied Bayesian networks specifically for seepage detection
and the results show the applicability of this methodology.
Although numerous studies have been carried out to apply various investigation
and monitoring methods in dam seepage studies as well as studies on introducing and
developing analytical models in seepage and internal erosion evaluation, there is a lack of
studies attempting to integrate these two approaches to develop a systematic procedure to
study seepage incidents in earth embankment dams and aid to facilitate the safety decision
making process.
In this study, a soil embankment dam suffering from concentrated seepage was

5

monitored visually and through the Electrical Resistivity method. Different seepage
scenarios were identified according to the investigation results. Three-dimension software
models are developed representing each identified scenario and the results were compared
with the actual measurements on site. Furthermore, a Bayesian probability model was
developed to analyze the probability of each identified seepage scenario according to the
database, obtained from the past incidents and observed data for this case. Finally, the
potential time of failure in case of when active erosion is occurring, and the rate of erosion
are estimated.

1.3
1.3.1

Literature Review

Piping and Internal Erosion Process

Understanding the seepage and internal erosion process and recognizing flow-patterns are
essential in seepage study of earth embankment dams. Predicting the various stages of
piping and time estimating of each stage is one of the main concerns in safety monitoring
of the dams as the results may lead to crucial improvement in the decision-making process
for the recognition and mitigation of the pre-failure scenario. Many studies tried to develop
such models based on characteristics of the dam and flow and the results were compared
in some case studies. Morris (2009) offered a generic breach flood hydrograph showing
the breaching process as a result of piping/erosion through an embankment. In practice, the
shape and duration of the hydrograph will be determined by the type of hydraulic loading.
Figure 1.1 shows this hydrograph and different states of breach initiation and growth in
typical piping process.
The following summarizes each stage of this generic breaching process:
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● Time T0: No sign of erosion and no breach initiation
● Time T1: Start of Breach Initiation
● Time T1–T2: Progression of Breach Initiation
● Time T2–T3: Transition to Breach Formation
● Time T3–T5: Breach Formation
● Time T4: Peak Discharge

Figure 1.1 Generic breach flood hydrograph.
Source: Breaching Processes: A state of the art review (Morris, 2009).

In this hydrograph, at time of T1, Seepage through the embankment initiates that
could be detected or undetected. Here, stage Time T1–T2 is the most critical stage in
determining the most appropriate action for maintenance, repair or emergency planning. In
this stage, flow is typically small and rate of change is slow. Internal erosion and
progressive material removal proceeds and breach flow increases slowly through increased
loading. When piping erosion is suspected of occurring or has already been detected on the
site, the rate of development is difficult to predict in order to develop the flood hydrograph.
Some scholars put forward equations for prediction of time of failure according to
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specifications of dams or dikes.
MacDonald and Langridge-Monopolis (1984) estimated the time of failure
according to the volume of the eroded embankment material based on forty-two case
histories of dam failure. Von Thun & Gillette (1990), and Froehlich (1987) estimated the
failure time according to the geometry characteristics of the breach such as depth of water
above breach invert at time of failure, average breach width and reservoir volume. In
addition to the studies that related breach parameters merely as a function of various dam
and reservoir parameters, some other studies tried to estimate the breach parameters more
analytically and based on the rate of erosion for piping failure scenarios. Bonelli and
Benahmed (2010) demonstrated mechanically based relations relating the time to failure
and the peak flow to the two basic parameters of piping failure: the coefficient of erosion,
and the maximum pipe diameter prior to roof collapse. Chen et al. (2012) proposed a
numerical method to calculate the breach time, flow information and top and bottom width
of the final breach. This method is developed by employing equilibrium analysis of forces
in a soil element considering drag force, uplift force, friction force and effective weight of
soil to estimate the rate of erosion within the seepage passage and finally calculate the
desired parameters within an iterative process. Hence, employing the last two methods
requires some detail flow and rate of erosion information in addition to basic dam and
reservoir parameters, which calls for more comprehensive investigation and data
collection. In return, they provide more accurate and reliable estimate of the failure timing
and other desired flow information. Therefore, to appropriately address the dam safety,
applicable and reliable monitoring methods need to be employed to detect any sign of
leakage and potential erosion in a timely manner. Controlling the breach growth as it gets
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into the breach formation phase (Time T2–T3) would be a difficult and risky practice, if not
impossible. These four methods of estimating the internal erosion failure time are described
in more details in this section.
● MacDonald and Langridge-Monopolis (1984)
According to 42 case histories of dam failure, plots of the maximum breach development
times versus breach volumes were presented in a graph as an indicator of actual breach
development times. However, since this graph is an envelope of maximums, it may still
give high estimates of actual development times. Figure 1.2 shows the chart for breach
time versus breach development time:

Figure 1.2 Breach size versus breach development time.
Source: Breaching characteristics of dam failures (MacDonald & Langridge-Monopolis, 1984).

𝑡𝑓 = 0.0179 (𝑉𝑒𝑟 )0.364 (ℎ𝑟)

(1.1)

where tf is the failure time (h) and Ver is the volume of embankment material eroded (m3).
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● Froehlich (1995)
𝑡𝑓 = 0.00254 𝑉𝑤 0.53 ℎ𝑤 −0.9 (ℎ𝑟)

(1.2)

where tf is the failure time (h), hw is the height of the final breach (m), and Vw is the reservoir
volume at the time of failure (m3).
● Bonelli and Benahmed (2010)
Bonelli and Benahmed demonstrated new mechanically based relations relating the time to
failure and the peak flow to the two basic parameters of piping failure: the coefficient of
erosion, and the maximum pipe diameter prior to roof collapse. These relations make
possible to infer orders of magnitude of the coefficient of erosion from field data.
They identified that piping occurs in cohesive soils if P0 >τc where P0 is the driving
pressure, equal to the tangential shear stress exerted by the piping flow on the soil, and τ c
is the critical stress. The radius evolution of the pipe during erosion with constant pressure
drop follows a scaling exponential law presented in equation 1.3
τ𝐶
τ𝐶
𝑡
R(t) = 𝑅0 ( + (1 − ) exp ( ))
𝑃0
𝑃0
𝑡𝑒𝑟
𝑃0 =
𝑡𝑒𝑟 =

𝑅0 𝛥𝑝
2𝐿

(1.4)

(driving pressure)

2𝜌𝑑𝑟𝑦 𝐿
𝐶𝑒 𝛥𝑝

(1.3)

(characteristing time of piping)

(1.5)

where ter is the characteristic time of piping erosion, R0 is the initial radius, Δp is the
pressure drop in the hole, L is the hole length, ρdry is the dry soil density, and Ce is the Fell
coefficient of soil erosion.
The rate of erosion has a significant influence on the time for progression of piping
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and development of a breach in earth dams, dykes or levees. This provides an indication of
the amount of warning time available to evacuate the population at risk downstream of the
dam, and hence has important implications for the management of dam safety. Table 1.1
summarizes critical stress and Fell erosion index for different types of soil based on hole
erosion test.
Table 1.1 Hole Erosion Tests, Properties of Soils Samples, Critical Stress and Fell Erosion
Index

Source: Piping flow erosion in water retaining structures (Bonelli & Benahmed, 2010).

𝐼𝑒 = − log 𝐶𝑒 (𝐶𝑒 𝑔𝑖𝑣𝑒𝑛 𝑖𝑛

𝑆
).
𝑚

(1.5)

Given that erosion has initiated, and the filters are absent or unable to stop erosion, the
hydraulics of flow in concentrated leaks are such that erosion will progress to form a
continuous tunnel (the pipe). There is a consideration that the case of a straight and circular
pipe, of current radius R(t) , in an embankment of height Hdam and base width Ldam = CL
Hdam (Figure 1.3). The average quantities are defined as follows:
𝐿(𝑡) = 𝑐𝐿 [𝐻𝑑𝑎𝑚 − 𝑅(𝑡)] (current pipe length)

(1.6)

𝛥𝑝𝑇 (𝑡) = 𝜌𝑤 𝑔[𝛥𝐻𝑤 − 𝑅(𝑡)] (average pressure drop)

(1.7)
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Figure 1.3: Sketch of the piping erosion in a water retaining structure.
Source: Piping flow erosion in water retaining structures (Bonelli & Benahmed, 2010).

In the next step, an expression for the remaining time for breaching is proposed.
The piping process begins at time t0 with the initial radius R0, both unknown. A sketch of
the description is represented in Figure 1.4. A visual inspection defines the initial time td
> t0 for detection, and can provide an estimation of the output flow rate, thus an estimation
of the radius Rd > R0. Ru and tu are taken to denote the maximum radius of the pipe before
roof collapse, and the collapse time, respectively.

Figure 1.4 Piping erosion in a water retaining structure, phases from initiation to
breaching.
Source: Piping flow erosion in water retaining structures (Bonelli & Benahmed, 2010).
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𝑅𝑢
𝛥𝑡𝑢 ≈ 𝑡𝑒𝑟 ln( )
𝑅𝑑

(1.8)

The erosion onset radius can be neglected, as Rd << Ru. The remaining time prior to breach
Δtu = tu − td can therefore be estimated as follows
● Chen, Zhong and Cao (2012)
Chen et al. showed that by employing equilibrium analysis of forces in a soil element
(Figure 1.5) considering drag force, uplift force, friction force and effective weight of soil,
the critical incipient velocity (νc) of the soil practice can be calculated. In this model, the
development of the seepage passage not only depends on the hydraulic pressure within the
passage, but also on the physical and mechanical properties of dam materials.

Figure 1.5 Forces acting on a soil particle in seepage passage.
Source: Breach mechanism and numerical simulation for seepage failure of earth-rock dams (Chen, Zhong
and Cao, 2012).

40𝑔𝑑50 (𝛾𝑠 − 𝛾𝑤 )(𝑡𝑎𝑛 𝜑 𝑐𝑜𝑠 𝜃 − 𝑠𝑖𝑛 𝜃)
80𝑔𝐶
ν𝑐 = √
+
3𝛾𝑤 (𝑡𝑎𝑛 𝜑 𝑐𝑜𝑠 𝜃 − 𝑠𝑖𝑛 𝜃 + 4)
𝛾𝑤 (𝑡𝑎𝑛 𝜑 𝑐𝑜𝑠 𝜃 − 𝑠𝑖𝑛 𝜃 + 4)
The total erosion rate Qs within the seepage passage is:
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(1.9)

𝑑90 0.2
ν∗ (ν2 − νc 2 )
𝑄𝑠 = 0.25 ( ) sec 𝜃 𝑃
𝛾
𝑑30
𝑔 ( 𝑠 − 1)
𝛾𝑤
= 0.5 𝜋 sec 𝜃 𝑅

(1.10)

ν∗ (ν2 − νc 2 )
𝛾
𝑔 ( 𝑠 − 1)
𝛾𝑤



ν* is the velocity of erosive water flows



ν is the velocity of water within seepage passage (ν=μ√2gΔh)



Δh is the differential head between the upstream reservoir and the outlet zone



μ is the velocity coefficient.

When ν is larger than νc the soil particles start to move until the failure of the earth-rock
dam. The increment of the radius of the seepage passage within the time interval Δti can be
predicted as:

𝛥𝑅𝑖 =

∆𝑡𝑖 𝑄𝑠
∆𝑡𝑖 𝑄𝑠
=
𝑃𝐿1 (1 − 𝑛)
2𝜋𝑅𝐿1 (1 − 𝑛)

(1.11)

Where n is the porosity of the investigated soil and P denotes the perimeter of the seepage
passage. And finally the accumulated increment of the radius of the seepage passage within
time interval of Δt is calculated.
𝑛

(1.12)

𝛥𝑅 = ∑ 𝛥𝑅𝑖
𝑖=1

1.3.2

Seepage Monitoring

Concentrated seepage in earth dams is a major safety issue that, if left unchecked, may
result in dam failure by various mechanisms. Implementing the remedial actions in order
to reduce the risk of failure and control water loss requires not only the engineering
expertise, but also adequate hydrological information to understand the problem entirely.
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Otherwise, the repairs could be unsuccessful in controlling or reducing the leaks. Also, it
is crucial to detect any concentrated seepage and abnormal deformation at a very early
stage, especially if piping and soil erosion is occurring. If piping is not controlled and the
distressed zones are not remediated at early stage of the incident, it may result in emergency
condition and even final breach of the structure. Hence, appropriate seepage investigation
and monitoring is essential to understand the structural condition and hydrological behavior
of the dams.
The most commonly used method in dam safety and seepage monitoring is visual
inspection. Detecting signs of surface discharge such as concentrated leak, boils, standing
water, or wet areas, signs of surface deformation such as sinkholes, slumps, cracks, and
cavities as well as using techniques in quantifying seepage parameters such as (flow rate,
quantity, velocity, elevation, phreatic surface, and water quality) provide substantial
information on seepage condition and safety status of the dam. Some other conventional
observation tools such as piezometers and observation wells also provides valuable
information about the water level at the reading points and presence of potential leaks.
However, these tools had to be built-in during the construction of the structure and be in
service condition to consider as a monitoring option.
In the last few decades, a series of new hydrological techniques have been
developed to help in the assessment of leakage and seepage in dams. Bartholomew et al.
(1987) published a technical report to introduce measuring devices of pressure, seepage,
internal and surface movement, vibration and methods for data acquisition, processing, and
review procedure. USBR (1983) published a technical manual for engineers and site
personnel with guidelines and procedures for examination and evaluation of public and
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private dams. This manual provides procedures for onsite examination and investigation.
USBR (2011) provided discussion for seepage monitoring instrumentation tools such as
piezometers, observation wells and thermal monitoring and key data for seepage
evaluation. FEMA (2003) within an executive summary of a research workshop on seepage
through embankment dams, presented the description of the most common geophysical
investigation methods in seepage detection and briefly explained the advantages and
limitations of each method. ASDSO (1988) in coordination with USBR, USACE, FEMA
and eleven other federal agencies developed Training Aids For Dam Safety (TADS)
program as an inventory guideline to identify hazard classification of the dams, effective
safety inspections and analysis and implementing corrective actions. This document
addressed methods of monitoring and evaluating observations for special seepage
condition and subsequent field exploration and sampling. ICODS (2015) provided
procedures and guidance for “best practices” concerning the evaluation and monitoring of
seepage and internal erosion. In this manual, seepage detection and investigation methods
were classified into three main categories as visual detection methods, non-visual detection
and investigation methods, and intrusive methods. In addition, this document provided
guidelines for Seepage Performance Monitoring and Seepage Collection and Measurement
methods.
In addition to organizational manuals and guidelines, many researches have been
implemented on applicability and accuracy of various seepage monitoring and
investigation methods. Bedmar and Araguás (2002) presented different practical methods
in detecting permeability, using natural and artificial traces in detecting flow paths, and
surface prospecting versus well logging geophysical methods. Contreras and Hernández
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also discussed different techniques for prevention and detection of leakage in dams and
reservoirs.
Other studies were presenting the results of applying one or more geophysical
investigating methods in detecting seepage in real case studies. Hoepffner et al. (2008),
Henault et al. (2010), Artières et al. (2010), Habel (2011), Pingyu (2008), Radzicki (2014),
Johnson et al. (2005), Beck et al. (2010), Perzlmaier et al. (2007) were describing
applicability distributed temperature sensing and fiber optic technology for monitoring
seepage and erosion processes in soil dam and dykes. Temperature measurement makes
use of natural seasonal temperature variations to locate areas of preferential seepage.
Generally, a constant temperature will be a sign of a small seepage, while large seasonal
variations may be sign of significant seepage. Fiber optics and sensors need to be installed
at the preferred locations in dam during the construction, otherwise destructive methods
needs to be employed for installation of monitoring tools which is generally not a
preferable practice. This method is exclusively monitoring the locations where the sensors
are installed and may not provide comprehensive perspective of the dam condition. Also,
it should be noted the results in this method could be sensitive to seasonal change and
geothermal heat flow and special consideration is necessary to protect the equipment
against freezing. On the other hand, temperature measurement method is probably the most
cost effective option in long-term monitoring of seepage compare to the other geophysical
monitoring methods. Also, unlike the other methods, no data interpretation or inversion is
necessary for detecting and locating the seepage zones, and direct monitoring of the
measuring parameter (temperature) shows the anomalies. Figure 1.6 shows the results of
monitoring of fiber optics installed along the toe of an earth embankment dam in north
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France over 1 year period. The zones with anomaly behavior are showing the potential
location of flow.

Figure 1.6 Results of seepage monitoring using fiber optics over 1 year period.
Source: Thermal Monitoring of Embankment Dams by Fiber Optics (Beck, et al., 2010).

Brosten et al. (2005), Lum et al. (2005), Osazuwa (2008), Cardarelli (2014),
Bedrosian (2012), Rinehart et al. (2012), Chii (2010), Mustafa et al. (2013), Ramteke
(2013), and Ikard et al. (2014) presented the applicability of Seismic method in
underground seepage detection. In this method, acoustic energy is introduced into the
ground at a known time and, then, by recording the reflected or refracted returning energy,
the subsurface condition is mapped based on the recorded data. Results from seismic
refraction methods often aid in determining the depth to competent rock for future
remediation efforts. High-resolution seismic reflection methods have allowed vast
improvements in data collection techniques over the past 10 years and have been used to
characterize sinkholes in related seepage studies. There are two types of body waves
propagating through a ground. Compressional or P-waves relate to changes in the volume
of a medium. Shear or S-waves relate to the distortional changes of a medium. Generally,
shorter wavelength sources provide better resolution, thus S-waves are preferred for
geotechnical applications. However, S-waves tend to attenuate more rapidly than P-waves,
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and it is more difficult to generate high-energy S-waves. This method can detect both
lateral and depth variations in a physically relevant parameters and provide high resolution
images especially in shallow surface with high permeable zones. The accuracy of the
results is decreasing as the depth increase.

(a)
Figure 1.7 (a) Results of Seismic tomography imaging along a surveying line for a
studied dam in Nigeria (Continued)
Source: Seismic refraction tomography imaging of high-permeability zones beneath an earthen dam, in Zaria
area, Nigeria (Osazuwa & Chinedu, 2008).

19

(b)
Figure 1.7 Continued (b) The final interpretational 3D isometric map showing seepage
zones, for a studied dam in Nigeria.
Source: Seismic refraction tomography imaging of high-permeability zones beneath an earthen dam, in Zaria
area, Nigeria (Osazuwa & Chinedu, 2008).

The seismic method is relatively more expensive compared to the other geophysical
surveying methods for seepage detection. Also, data processing requires sophisticated
computer hardware and is a time consuming process. Figure 1.7 is showing the results of
the Seismic monitoring method along a surveying profile and the final interpretational 3D isometric map showing seepage zones within and around a studied dam in Nigeria.
Brosten et al. (2005), Lum et al. (2005), Bolève et al. (2012), Ikard et al. (2014),
Panthulu et al. (2001), Rinehart et al. (2012), Bolève et al. (2011), Abdel Aal et al. (2004),
Ikard et al. (2014), and Moore et al. (2011) applied the Self-Potential (SP) method in
seepage monitoring for different case studies and presented the results. The (SP) method
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is a passive technique used to measure small naturally occurring electrical potentials
generated by fluid flow, mineralization, and geothermal gradients within the earth. Water
flowing through the pore space of soil generates electrical current flow. SP is measured by
determining the voltage across a pair of non-polarizing electrodes using a high-impedance
voltmeter. This electrokinetic phenomenon is called streaming potential and gives rise to
SP signals that are of primary interest in dam seepage studies. Implementation of SP
method is relatively simple and the anomalies can be detected with single survey. Different
resolutions and depths by changing the distance of electrodes and Cross-comparing data at
different reservoir levels can reveal the potential flow paths. However, this method is
sensitive to external factors like physical properties and electrical noises. Also, presence of
some minerals may result in SP anomalies. Figure 1.8 is illustrating of generic SP electrode
array setup along the crest of a dam and the monitoring results, locating potential seepage
zone.

Figure 1.8 Illustration of an electrode array set up along the crest of a dam and the SP
anomaly generated from downward seepage.
Source: Using Geophysics to Assess the Condition of Small Embankment Dams (Brosten, Llopis, & Kelley,
2005).

Johannson (1997), Lagmanson (2005), Ramteke (2013) and Brosten (2005)
employed and evaluated the ability of Ground-penetrating radar (GPR) to provide useful
and reliable information in subsurface seepage studies. GPR uses a high-frequency
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electromagnetic pulse transmitted into the ground. Electromagnetic waves within a certain
frequency range can propagate through rock, soil or water. The radar pulses are reflected
from subsurface at boundaries where subsurface electrical properties change. These
subsurface interfaces are possessing a contrast in electrical properties and are recorded by
the receiving antenna. GPR can detect large zones with anomalous properties with high
acquisition speed and good spatial resolution. Nevertheless, this method is extremely
sensitivity to site conditions (less sensitive to seepage changes than flow dependent
parameters) and relatively high energy consuming. This methods is rarely used as a sole
seepage survey method usually been employed with one or more other geophysical
monitoring methods for detecting the seepage zones in hydraulic structures. Figure 1.9
shows the results of GPR monitoring method along the crest of a dyke in northeast Poland.
Walid (2011), Tigistu and Atsbaha (2014), Bedrosian et al. (2012), Aitsebaomo et
al. (2013), and Ramteke (2013) reported the results of utilizing Electromagnetic survey in
seepage study of the soil dams. Electromagnetic (EM) methods are used to measure
conductivity differences of geologic material. In the case of seepage studies, possible
seepage paths can be located through the identification of high- or low-conductivity
anomalies, where water-filled or clay-filled features can produce high-conductivity
anomalies and air-filled features can produce low-conductivity anomalies. By this method,
data collection over large areas can be performed without ground contact with high
horizontal resolution. However, the depth of investigation is limited (no greater than 5
meter) and it is highly sensitive to aboveground and buried metallic objects and alternating
current electrical sources that influences the monitoring results.
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Figure 1.9 Detected anomaly zone (A) according to GPR results and (B) photo of the
surveying line, for a dyke in northeast of Poland.
Source: Application of Ground Penetrating Radar Surveys and GPS Surveys for Monitoring the Condition
of Levees and Dykes (Tanajewski, Bakuła, 2016).

However, among all the geophysical monitoring methods Electrical Resistivity
(ER) is probably the most common and applicable one in detecting leakage zones in
earthfill structures. As Samouelian et al. (2005) indicated, ground resistivity is a function
of soil property such as the mineralogy, soil constituent, fluid content, porosity,
temperature and degree of water saturation in the rock. A direct measure of the electrical
impedance of the subsurface material can be measured by passing electrical current through
the ground and recording the potential difference between the current and potential
electrodes. Increasing water content and increasing salinity of the underground water will
increase the electrical conductivity, which results in decreasing the measured resistivity of
the soil. This hydrogeological characteristic of the soil acts as an indicator to address the
potential leakage zones with the low resistivity areas in the electrical resistivity profile.
Nevertheless, the site condition, geology and soil type and the limitations of this method
should be taken into account when this method is applied for seepage monitoring and leak
detection. The ER method is discussed more in depth in Section 1.3.3.
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Table 1.2 Summary of Different Seepage Monitoring Methods for Earth Dams

Table 1.2 compares different geophysical methods in seepage monitoring and
explains pros and cons of each method that was discussed in this section.
In addition to the geophysical methods which measure seepage-related parameters,
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there are other passive methods that mainly related to displacement monitoring for slope
stability, but could potentially address seepage, especially if erosion and piping is
occurring. Some of these slope monitoring methods are geodetic methods like terrestrial
laser scanning (TLS) and global positioning systems (GPS), geotechnical methods like
time domain reflectometry (TDR), and remote sensing like synthetic aperture radar (SAR)
and geographic information system (GIS). Although these methods have widely been
employed in slope stability and dam safety monitoring, but seldom been utilized solely for
seepage monitoring purposes.
1.3.3

Electrical Resistivity Tomography (ERT)

As discussed, Electrical Resistivity (ER) is one of the most widespread geophysical
methods in seepage monitoring of earthen hydrological structures. Like other geophysical
monitoring methods, ER technology has evolved during the past decades. This method has
been employed in many dam seepage detections studies and the results show the
effectiveness and reliability of this method. In Chapter 2, the results of twenty two case
studies were pursued to evaluate the effectiveness and resolution of the ER method in
locating leakages in soil embankment dams and dikes are presented.
In this method, surveys are conducted by laying out electrodes along a survey line.
High voltage current is introduced into the ground through a pair of current electrodes (C1
and C2), and two potential electrodes (P1 and P2) measure the voltage difference. Figure
1.10 illustrates a typical current and potential electrodes array in ER monitoring.
There are numerous array configurations for measuring ground resistivity. The best
array for the survey is dependent on the type of geologic materials being investigated, the
desired depth of investigation, the signal strength, the array sensitivity to vertical and
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horizontal resistivity changes in the subsurface, and the probable background noise.
Common arrays are Wenner, Schlumberger, pole-pole, dipole-dipole, and pole-dipole.
Figure 1.11 shows the array configuration in soil resistivity monitoring.

Figure 1.10 Illustration of current and potential electrodes in soil resistivity monitoring.
Wenner is the most common electrode array methods in geology and especially
seepage investigation. In The Wenner array configuration, two potential electrodes are
located in between the current electrodes and all the electrodes are in a same distance
(called electrode a-spacing) from the adjacent electrodes. In this array configuration, the
apparent resistivity value is the average measured resistivity within a block with the total
length equal to the distance between the current electrodes (3a) and the depth about the
distance between the adjacent electrodes (a) along the survey line. The larger distance
between the electrodes (a) results in degradation of lateral resolution as the resistance is
measured in a larger area and provides less accurate results. As a general rule, the accuracy
of the resistivity survey diminishes as the surveying depth increases. ER results are
generally more accurate near subsurface elevations.
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Figure 1.11 Illustration of typical electrode arrays in soil ER monitoring.
Source: http://asstgroup.com/techniques.html.

Figure 1.12 shows the schematic Wenner electrode array configuration. In this
method, current (I) is introduced to the ground by the current electrodes (A and B), and the
potential electrodes (M and N) measure the voltage difference to determine the resistance
(RW=V/I). The unit of resistance is ohm (Ω). Having the resistance (RW) and electrodes
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distance (a), resistivity of the surveyed block soil can be calculated with equation 1.13. If
the depth of the electrodes into the ground (d) is negligible compare to electrodes distance
(a), resistivity according to the Wenner method will be calculated according to equation
1.14. The unit of resistivity is ohm-meter (Ω.m).
𝜌𝐸 =

4 . 𝜋 . 𝑎 . 𝑅𝑊
2. 𝑎
𝑎
1+
−
√𝑎2 + 4 . 𝑑 2
√𝑎2 + 𝑑 2

𝜌𝐸 = 2 . 𝜋 . 𝑎 . 𝑅𝑊

(1.13)

(1.14)

Figure 1.12 Schematic Wenner Electrode array configuration.
Electrical Resistivity survey is implemented as either one, two or threedimensional. Dahlin (2001) and Herman (2001) described on how to perform one
dimensional (1D) ER survey with Wenner method. It is carried out either as profiling or
vertical electrical sounding (VES). Profiling means achieving horizontal resolutions by
lateral shifting the electrodes across the surface while maintaining a constant electrode
separation. VES involves achieving vertical resistivity of the subsurface by modifying the
common distance between the electrodes while maintaining the location of the center point
of the array. This technique for imaging the profile of subsurface structures from electrical
resistivity measurements is called Electrical Resistivity Tomography (ERT) or Electrical
Resistivity Imaging (ERI). Figure 1.13 is showing the principal of ERT data acquisition in
1D.
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Figure 1.13 1D Electrical Resistivity data acquisition.
Source: The development of DC resistivity imaging techniques (Dahlin, 2001).

The main drawback of 1D ERT with Wenner array is the labor intensity for
continuously redeploying the electrodes in group of four, as the array needs to be
reconfigured to measure resistivity at different vertical and horizontal stations. However,
the advent of automated data acquisition facilitates such data acquisition by employing a
large number of electrodes and performing this switching automatically, while
continuously reading and storing data. This method is one of the 2D techniques of
resistivity data acquisition. Figure 1.14 illustrates the procedure of procuring data with
multiple electrodes. In this figure, red and green arrows represent current and potential
electrodes respectively and the bold dot represents the position where apparent resistivity
is measured. Here, as the distance between the electrodes increases, less number of
horizontal data points are measured at the greater depth, hence the shape of the pseudosection is usually either triangular or trapezoidal shape.
In the second 2D data acquisition method, the electrode array is being towed
behind a vehicle. This concept has been developed for marine land based applications
(Figure 1.15). In order to obtain 3D information on the subsurface, a grid of electrodes can

29

be laid out, and measurements taken with the electrodes aligned in different directions. 3D
technique may require large number of electrodes and the data acquisition could be a very
time consuming process.

Figure 1.14 2D Electrical Resistivity data acquisition with multiple electrodes.

Figure 1.15 Pulled array system to acquire 2D Electrical Resistivity data.
Source: The development of DC resistivity imaging techniques (Dahlin, 2001).

In resistivity survey, since data are associated with a single depth point but in reality
it is an averages over a complex current path in the survey plan, data are termed apparent
resistivity. Apparent data needs to be interpreted by measuring with respect to distance
between the electrodes (a) and comparing the curves from different areas and angles. As
Cardimona (2002) discussed, in order to create the resistivity model, forward modeling can
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be used to simulate apparent resistivity that correlate with the measured data in an iterative
procedure. A starting resistivity model is chosen based on a priori information (from
ground truth or averaged geophysical measurements), and apparent resistivity data are
modeled for the type of field survey geometry used. These calculated data are compared
with the actual data and the resistivity model is updated based on the difference between
observed and calculated data. This procedure is continued until the calculated data match
the actual measurements to within an interpreter-defined level of error. One of the most
important results of inversion is better estimating of depth for cross-section plots, turning
pseudo-sections into better approximations of the subsurface variation. This procedure is
usually performed via computer programs where the software is feed with measured
resistivity data, number of reading points, electrode distances (a), station of each reading,
etc. and the program processes the data and estimates the resistivity profile of the soil along
the surveying line.

Figure 1.16 Geoelectrical image by interpreting data in electrical resistivity monitoring
method.
Source: An Integrated Two-dimensional Geophysical Investigation of an Earth Dam in Zaria Area,
Nigeria. (Chii , 2010)

Figure 1.16 shows the inverse model of Electrical Resistivity Tomography in a
seepage monitoring of a dam in Nigeria. Arrows indicate zones of anomalously low
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resistivity.
Although ER has many advantages in geophysical studies, it has some limitations
as well, as Schrott and Sass (2008) noticed. Special measures needs to be taken to improve
the electrode-to-ground coupling in very dry or extremely blocky substrates surfaces such
as watering of the electrodes or inserting them through wet sponges. The other limitation
is decreasing the accuracy in deeper subsurface. In soil ER surveying, only electrical
properties of certain volume of subsurface is integrated into geoelectrical surveys and
considering the extent of this volume increases in the deeper subsurface, the accuracy will
diminish. Generally, the results of ER surveying is more accurate within the layers closer
to the surface. In regards to the subsurface flow detection, ER may just detect the location
of potential leakage or wet areas, but not any information about the flow such as hydraulic
conductivity or flow velocity. The location of any buried metal, pipe or any other
conductive material within the surveying line should be determined and adjusted in the
ERT results. Also, the accuracy of ERT method decreases in detection of leakage zones
within subsurface layers with high clay content.
1.3.4

Probability Methods and Bayesian Tool in Seepage Analysis

Various statistical methods have been used by researchers for dam safety risk analysis,
predicting the dams’ behavior in any specific incident and diagnose distressed zones.
Peyras et al. (2006) within a study proposed qualitative methods to assess the risk of
performance loss of dams with an aging functional model and by developing a historical
database from dams that have experienced deterioration. Goodarzi et al. (2010)
demonstrated the process of estimating risk of internal erosion for Doroudzan earth-fill
dam in southern of Iran. In this study the probability of failure due to internal erosion was
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estimated under two different conditions. An event-tree was developed to demonstrate the
internal erosion process of the studied case and the probability of each event was
determined from USBR database (Figure 1.17).

Figure 1.17 Internal erosion event-tree in Doroudzan dam, Iran.
Source: Estimating Probability of Failure Due to Internal Erosion with Event Tree (Goodarzi et al., 2010).

Different probability models have been proposed by researches to analyze dam
safety and internal erosion. However, a Bayesian network is one of the most applicable
methods and has been applied and developed by many scholars.
Bayesian probability theory provides a mathematical framework for performing
inference, or reasoning, using probability. In the ‘Bayesian paradigm,' degrees of belief in
states of nature are specified. Bayesian statistical methods start with existing 'prior' beliefs,
and update these using data to give 'posterior' beliefs, which may be used as the basis for
inferential decisions. The basic concept in the Bayesian treatment of uncertainty is that of
conditional probability which is a measure of the probability of an event given that another
event has occurred as Sakti et al. (2009) described. The conditional probability of event X,
given event Y is A, written as:
P(X|Y) = A
This means that if event Y is true and everything else known is irrelevant for event
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X, then the probability of event X is A. Here, each of the events X and Y have two or more
states. The events are binary, if they have just two states (such as 0-1, True-False,
satisfactory-unsatisfactory, etc.) or multi-state if they have more than two states.
Binary events:

X ∊ {x1, x2}
Y ∊ {y1, y2}

Multi-state events:

X ∊ {x1,x2, x3, … , xn}, n = number of states for event X
Y ∊ {y1,y2, y3, … , ym}, m = number of states for event Y

There are three axioms provide the basis for Bayesian probability calculus:
● Axiom 1: For any event X, 0 ≤ P(X) ≤ 1, with P(X) = 1 if and only if X occurs with
certainty.
● Axiom 2: For any two mutually exclusive events x and y the probability that either
X or y occur is:
P(X or Y) ≡ P(X ∪ Y) = P(X) + P(Y).
● Axiom 3: For any two events x and y the probability that both x and y occur is
P(X and Y) ≡ P(X ∩ Y) ≡ P(X , Y) = P(Y | X) P(X) = P(X | Y) P(Y).
Generalizing Axiom 3 is the fundamental rule of probability calculus:
P(X , Y) = P(X | Y) P(Y) = P(Y | X) P(X)
Bayes’ rule follows immediately:
𝑃(𝑌 | X) =

P(X | Y) P(Y)

(1.15)

P(X)

where;
P(X , Y) is called the joint probability of events X and Y
P(Y) is the prior distribution, expresses initial belief about Y
P(Y | X) i s the posterior distribution, expresses revised belief about Y in the light
of observation event X.
P(X | Y) ≜ L(Y | X) is called the likelihood for Y given X.
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Generally, the main objective of Bayesian method in statistical problems is
obtaining the posterior distribution of model parameters. To determine the posterior
function, both sets of the parameters before data is observed (prior distribution) and
parameters contained in the observed data (likelihood function) are taken into account.
The basic Bayesian method includes:
1. Formulate a probability data model
This process involves deciding on a probability distribution for the data if the parameters
were known. If the n data values to be observed are x1, . . . , xn, and the vector of unknown
parameters is denoted Y, then, assuming that the observations are made independently, we
are interested in choosing a probability function P(xi | Y) for the data (the vertical bar means
“conditional on” the quantities to the right)
2.

Decide on a prior distribution

Prior distribution of a parameter is the probability distribution that represents and quantifies
the uncertainty about the parameter and in the values of the unknown model parameters
before the current data are observed. It can be viewed as representing the current state of
knowledge, or current description of uncertainty, about the model parameters prior to data
being observed.
3. Observe the data, and construct the likelihood function
The likelihood function, or simply likelihood is the joint probability function of the data.
Once the data has been observed, likelihood is developed based on the observed data and
the formulated probability model from the first step. Posterior distribution is then
determined by combining the likelihood and the prior distribution to quantify the
uncertainty in the values of the unknown model parameters after the data are observed.
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4. Calculate statistical outputs
Based on the posterior distribution, the summary of important features and quantities of
interest are calculated.
Approaches to choosing a prior distribution divide into two main categories.
Informative prior distribution and non-informative prior distribution. In informative prior
distribution, the statistician uses his knowledge about the substantive problem perhaps
based on other data, along with elicited expert opinion if possible, to construct a prior
distribution that properly reflects his (and experts’) beliefs about the unknown parameters.
The notion of an informative prior distribution may seem at first to be overly subjective
and unscientific.
The second main approach to choosing a prior distribution is to construct a noninformative prior distribution that represents ignorance about the model parameters.
Besides non-informative, this type of distribution is also called objective, vague and
diffuse, and sometimes a reference prior distribution. Choosing a non-informative prior
distribution is an attempt at objectivity by acting as though no prior knowledge about the
parameters exists before observing the data. This is implemented by assigning equal
probability to all values of the parameter (or at least approximately equal probability over
localized ranges of the parameter). The appeal of this approach is that it directly addresses
the criticisms of informative prior distributions as being subjectively chosen. In some
cases, there is arguably a single best non-informative prior distribution for a given data
model, so that this prior distribution can be used as a default option, much like one might
have default arguments in computer programs.
Once the data has been observed, the likelihood function, or simply the likelihood,
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is developed. The likelihood is the joint probability function of the data, but viewed as a
function of the parameters, treating the observed data as fixed quantities. Assuming that
the data values, X = (x1. . . xn) are obtained independently, the likelihood function is given
by:
𝑛

𝐿(𝑌 | 𝑋) = 𝑃(𝑥1 , . . . , 𝑥𝑛 | 𝑌) = ∏ 𝑃 ( 𝑥𝑖 | 𝑌)

(1.16)

𝑖=1

In the Bayesian framework, all of the information about Y coming directly from
the data is contained in the likelihood. Values of the parameters that correspond with the
largest values of the likelihood are the parameters that are most supported by the data.
Li et al. (2009) employed Bayesian model averaging method in groundwater
models to predict groundwater head by incorporating multiple groundwater models and
multiple hydraulic conductivity estimation. In this model, the estimation of hydraulic
conductivity in a groundwater model is considered as a method weight in calculating the
marginal likelihood function. In this study, to determine the posterior probability of head
(h) for given dataset (D), the model probability for model M(p), and the expectation operator
(EM) over simulation models is considered.
𝑃(ℎ | 𝐷) = 𝐸𝑀 [𝑃(ℎ | 𝑀(𝑝) , 𝐷)] = ∑ 𝑃(ℎ | 𝑀(𝑝) , 𝐷) 𝑃(𝑀(p) | 𝐷)

(1.17)

P(h | M(p), D) is the posterior probability of heads for given data set D and groundwater
model M(p) and P(M(p) | D) is the posterior model probability for model M(p) or posterior
model weight for model M(p).
𝑃(𝑀(𝑝) | 𝐷) =

𝑃(𝐷 | 𝑀(𝑝) ) 𝑃(𝑀(𝑝) )
∑𝑃 𝑃(𝐷 | 𝑀(𝑝) ) 𝑃(𝑀(𝑝) )

(1.18)

By assigning θ(p) as a hydraulic conductivity estimation methods for model M(p),
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P(θ(p) | M(p), D) represents the method weight for θ(p) in groundwater model M(p) given
data D. It is commonly used to represent the combined BMA model weight for each
combination of models and methods.
𝑃(𝑀(𝑝) , θ(𝑝) | 𝐷) = 𝑃(θ(𝑝) | 𝑀(𝑝) , 𝐷) 𝑃(𝑀(𝑝) , 𝐷)

(1.19)

According to Bayes’ rule, the method weight is
𝑃(θ(𝑝) | 𝑀(𝑝) , 𝐷) =

𝑃(𝐷 | 𝑀 (𝑝) , θ(𝑝) ) 𝑃(θ(𝑝) | 𝑀(𝑝) )
∑ 𝑃(𝐷 | 𝑀(𝑝) , θ(𝑝) ) 𝑃(θ(𝑝) |𝑀(𝑝) )

(1.20)

Where P(D | M(p) , θ(p)) is the marginal likelihood function for a given model M(p) and a
given method θ(p) and it is commonly approximated using the Laplace approximation
with the Bayesian information criterion (BIC).
P(D | M(p) , θ(p)) ≈ exp [- 0.5 × BIC(p)]

(1.21)

BIC(p) = Q(p) + n ln 2π + m(p) + ln n

(1.22)

Q(p) = (hcal - hobs)T Ch-1(hcal - hobs)

(1.23)

Where

Q(p): the sum of squared weighted residuals of head
hobs: the observed groundwater head
hcal: the calculated groundwater head,
n: the number of the observed groundwater heads
Ch: the covariance matrix, a diagonal matrix for independent groundwater head errors.
The variances in Ch are estimated by running a sufficient number of realizations of the
data weighting coefficients:
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𝑃

𝑄

𝑀

1
2
𝜎𝑖2 =
∑ ∑ ∑ (ℎ𝑖𝑐𝑎𝑙 − ℎ𝑖𝑜𝑏𝑠 )
𝑃×𝑄×𝑀

(1.23)

𝑝=1 𝑞=1 𝑚=1

i = 1, 2, …, n
Where M is the number of realizations of the data weighting coefficients, P is the number
of simulation models, and Q is the number of the estimation methods.
To evaluate the applicability of Bayesian method in dam safety and seepage
monitoring, some studies focused on theoretical framework and procedure of using
Bayesian networks in this scope. Smith (2006) conducted dam risk analysis and
considering dam risks in a more global and holistic way using Bayesian network. Li et al.
(2007) evaluated the reliability of embankment dams and comparing the approach with the
fault tree analysis. However, in these researches the practical uses of Bayesian networks
had not been studied, either for a specific dam or a group of dams.
Mirosław-Świątek et al. (2012) developed a Bayesian Belief Nets to analyze
seepage anomalies of Klimkówka Dam in Poland by using two types of information: water
pressure measurements using piezometers and drainage discharge measurements using
discharge flumes. In this study, the status of two seepage controlling structural elements
were observed via a set of upstream and downstream piezometers and drainage discharge
rate. These two seepage controlling structures are cement screen on the upstream slope and
clay core. The potential causes of any abnormal behavior in piezometers or drainage
discharge is either leaks through the cement screen (A1) or clay core (A2), or failure
(plugging) of the drainage system (A3) with state = T if the element is damaged and state
= F if not. The abnormal behaviors are determined in upstream piezometers (B1),
downstream piezometer (B2), and drainage discharge (B3) where the water level in
piezometers is high or discharge will increase with state = UP, otherwise state = DOWN.
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Figure 8 shows the Bayesian Probability Network and the conditional probability table if
the downstream piezometers show abnormal behavior. The probability quantities presented
in the conditional probability table are the principal contribution of the expert knowledge.
In Figure 1.18, the conditional probability table shows the probability of water level
increases in downstream piezometers for different statuses of wall leakage, core leakage
and drain failure.

Figure 1.18 Bayesian Probability Network for abnormal behavior in downstream
piezometer of Klimkówka Dam, Poland.
Source: Application of the Bayesian Belief Nets in dam safety monitoring (Mirosław Świątek et al., 2012).

These model has been employed as the basis for both forward and backward
propagations. In forward propagations, the probability of potential causing incidents (A1,
A2, A3) are assigned as prior information and the probability of monitoring result incidents
(B1, B2, B3) are calculated. Figure 1.19 is presenting the results of forward propagation
with the assumption of prior probabilities of A1, A2, and A3 are equal to 0.5. For this
scenario, the results show that the most likely response will be the lowering of the water
level in upstream piezometer (B1), with p = 0.75.
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Figure 1.19 Forward propagation - P(A1) = P(A2) = P(A3) = 0.5.
Source: Application of the Bayesian Belief Nets in dam safety monitoring (Mirosław Świątek et al., 2012).

In backward propagation, the probability of the status of monitoring result incidents
(B1, B2, B3) are determined as prior information and the probability of the potential causing
incidents (A1, A2, A3) are calculated. Figure 1.20 shows the probabilities of A1, A2, A3,
and B1, if we know the water level in downstream is high and the drainage discharge is
low. According to the results, the most probable cause for this scenario is malfunctioning
of the drainage system with P = 82.2%.

Figure 1.20 Backward propagation - P(B2) = 1, P(B3) = 0.
Source: Application of the Bayesian Belief Nets in dam safety monitoring (Mirosław Świątek et al., 2012).

Zhang et al. (2011) developed a probability-based tool by using Bayesian networks
for the diagnosis of embankment dam distresses at the global level based on past
performance records and conducted the diagnosis of a specific distressed dam by
incorporating global-level knowledge from the database and project-specific evidence. In
this research, and according to the database of 993 in-service dams in China, general
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characteristics and the common patterns of distress in embankment dams were studied
using Bayesian network. The interrelations among the dam distresses and their causes are
quantified using conditional probabilities determined based on the historical frequencies
from the dam distress database and the most important distress factors were identified
through a sensitive analysis. Finally, by combining global-level performance records and
project-specific evidence in a systematic structure, a specific distressed dam was studied
and key distress factors was identified. Figure 1.21 shows the summary of causal networks
for diagnosing distresses associated with seepage erosion–piping of homogeneous–
composite clay-core dams at global-level performance. Table 1.3 illustrates definitions of
the symbols in the causal networks.

Figure 1.21 Summary of causal networks for diagnosing distresses associated with (a)
seepage erosion–piping of homogeneous–composite dams, and (b) seepage erosion–piping
of clay-core dams.
Source: Diagnosis of embankment dam distresses using Bayesian networks. Part I. Global-level
characteristics based on a dam distress database (Zhang et al., 2011).

In this study, based on the dam distress database, an inventory of possible dam
distresses and corresponding causes has been constructed. The probability of each element
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is determined by judgment based on historical information and knowledge. Then, all
possible distress mechanisms were identified and presented in the form of a causal network
to develop a Bayesian network for diagnosing distresses of an embankment dam. By this
method the probability of occurring seepage caused by any of the factors and consequently
the most important distress causes by comparing the importance index relevant factors are
identified. According to the result, the identified locations that is playing the predominant
role for seepage erosion–piping in the clay-core dam is along embedded culverts while the
second most important locations are at the foundation and in the embankment.
Table 1.3 Variables Involved in Diagnosing Distressed Embankment Dams

Source: Diagnosis of embankment dam distresses using Bayesian networks. Part I. Global-level
characteristics based on a dam distress database (Zhang et al., 2011).

In a separate study, Xu et al. (2011) attempted to extend the technique of Bayesian
networks to the diagnosis of a specific distressed dam by combining global-level
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knowledge from the database and project-specific evidence on the diagnosis of a distressed
embankment dam, with seepage problems. In this case, the total seepage rate, seepage exit
location and boundary condition of the embankment are known. The coefficients of
permeability of the earthfill (K1) and the drainage (K3), are incorporated into the existing
causal network Figure 1.21(a), and a new causal network is obtained, as shown in Figure
1.22. K1 and K3 are assumed as discrete variables with two states, “satisfactory” and
“unsatisfactory”.

Figure 1.22 Causal networks for diagnosing the distressed studied dam.
Source: Diagnosis of embankment dam distresses using Bayesian networks. Part II. Diagnosis of a specific
distressed dam (Xu et al., 2011).

The analysis of determining the distresses associated with seepage in the studied
case is starting without considering the knowledge on K1 and K3 deduced from the projectspecific evidence on the measured seepage rate. In the first step the probability of
embankment seepage situation (ESS) is updated considering there are no seepage problems
at the abutment (ASS), through the foundation (FSS), and along the embedded culverts
(SSC). In order to combine the global-level data with the local-level evidence, the actual
seepage volume was measured and by developing a software model of the dam, the value
of permeability of the earth-fill and the drainage are estimated. Comparing the estimated
permeability with a specified design requirement, corresponds to the two states of K1 and
K3: “satisfactory” and “unsatisfactory”. Based on the back-analysis results, the state of
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nodes K1 and K3 are assigned and considering the states of nodes ASS, FSS, and SSC are
still set to be normal based on the field evidence, the probabilities for the nodes relevant to
node ESS in Figure 1.22 is automatically updated. In this model, the observations are the
field evidences of the states of nodes ASS, FSS, and SSC and the seepage volume
measurement to estimate permeability. The posterior probabilities are the updated
probabilities based on the observations. Table 1.4 shows the prior and posterior
probabilities for the variables relevant to embankment seepage erosion-piping.
Table 1.4 Probability Table for the Variables Relevant to Embankment Seepage Erosion–
Piping for the Studied Dam

Source: Diagnosis of embankment dam distresses using Bayesian networks. Part II. Diagnosis of a specific
distressed dam (Xu et al., 2011).

1.3.5

Summary of Literature Review

In order to address safety, it is essential to monitor seepage and internal erosion in earth
embankment dams. Various methods of monitoring and inspection have been presented by
different US national organizations and scholars as guidelines, safety manuals and research
studies. Visual inspection, piezometers and observing wells, temperature measurement and
fiber optics, electrical resistivity, Seismic monitoring, Self-Potential, Ground Penetrating
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Radar and Electromagnetic Surveying are the common methods for monitoring of seepage
and internal erosion in earth dams with advantages and limitations for each method.
However, among the geophysical monitoring methods, Electrical Resistivity Tomography
(ERT) is probably the most popular method in seepage monitoring. Many studies have
employed ERT in detecting potential seepage areas in the earth dams and confirmed the
accuracy and reliability of this method.
To evaluate the seepage behavior according to the available data and observation
data obtained via one or more monitoring methods, a probability method is essential to
present and analyze the information in a mathematical form. Although different probability
models have been proposed to analyze dam safety and internal erosion, Bayesian
Probability Network is probably one of the most common and reliable methods in seepage
studies of earth dams. Within two case studies implemented on real case studies, the
applicability of this method has been discussed and analyzed.
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CHAPTER 2
STATISTICAL DATABASE
2.1

Introduction

For better understanding of behavior of earth dams in seepage incidents and diagnosis of
potential seepage and distressed zones, a database of past incident needs to be acquired to
determine the possible location and probability of each source. Therefore, the seepage
incidents in 182 earth dams were studied and the location of distress was identified. The
sources of distressed locations were categorized into five classes labeled as: Embankment,
Foundation, Abutment, Around Embedded conduits, and Unknown. This database will be
employed as the global-level common patterns and causes of distresses characteristics to
develop the Bayesian probability model and will be further used to update the probability
model to diagnose a specific distressed studied dam at a local level by combining globallevel performance records and project-specific evidence in a systematic structure.
The second set of statistical data was collected and analyzed to assess the certainty
of Electrical Resistivity results in determining the location of the seepage flows. Twentytwo cases studies, where the seepage was monitored via Electrical Resistivity method were
studied and the ER results were compared against the observed leakages and/or
investigation results with other monitoring methods.
In this chapter, the process of collection and analysis of the data as well as some
statistical reports for each set of database is presented.

2.2

Dam Seepage Zone Database

A total of 182 distressed dams suffering from concentrated seepage in the USA are
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compiled into a database, including general information on the dams and the identified
distressed zones. These zones were categorized into 5 classes labeled as:
● Embankment; if the source of distress was detected in the embankment
● Abutment; if the source of distress was detected in any of the abutments or the
dykes
● Foundation; if the source of distress was detected in the foundation
● Around embedded conduits; if the source of distress was detected around any of
the embedded conduits like culverts, pipes, spillways, etc.
● Unknown; if the source of distress was not detected or not reported
The list of the studied cases is presented in Appendix A. For each dam, general
information and statistical data of the seepage incident is studied and analyzed.
According to the survey, out of 182 seepage incidents, in 28 cases final failure of
the dams was reported, 2 unknown destiny and 152 incidents without the failure. In other
word, about 15% of the seepage incidents were resulted in the final failure of the earth
dams. Analyzing the distressed zones of the studied dams in the dataset revealed in 24 cases
the distressed zone was located in abutments which results in 4 failures (about 17%) and 1
unknown destiny. 3 earth core dams, 1 homogeneous and 20 unknown or unreported types
of dams were suffering from seepage in abutments according to the database. In 44 cases
the distressed zone was detected in the embankment of the studied dams including 7
homogeneous, 2 concrete core, 1 earth core, 1 masonry core, 1 upstream facing plastic and
32 unknown or unreported types of dams. Total number of 9 failure incidents (20%) was
reported for the detected seepage in embankment of the studied dams. The minimum
number of incidents was reported in the foundation of the studied dams, that out of 9
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incidents, only 2 failures were reported. In contrary, the maximum number or leakage
distressed zones was reported around the embedded conduits. Embedded conduits are
considered as all the culverts, pipes and spillways are passing through the dam and mainly
where soil is in adjacent and contact with other materials such as concrete or ductile iron
pipes. Total number of 63 incidents were reported for seepage around embedded conduits
in the soil dams where in 8 cases it resulted in failure. According to the database, 6
homogeneous, 5 earth core, 1 metal core, 1 concrete core and 50 unknown/unreported cases
were determined for this class of study. In 42 seepage incidents, the distressed zones were
either not detected or reported and the source of the seepage is unknown.
By eliminating the results with unknown distressed zone and normalizing the data,
the probability of seepage zone of each class can be estimated. Table 2.1 compares the
percentage of the seepage incidents within different classified zones in earth embankment
dams.
Table 2.1 Distribution of Seepage Source Location in Earth Dams
Number of
% of
Number of
Seepage location
incident
incident
failure
Abutment
24
17.1%
4
embankment
44
31.4%
9
Foundation
Around embedded
culverts, pipes, spillway
2.3

% failure
16.7%
20.5%

9

6.4%

2

22.2%

63

45.0%

8

12.7%

Electrical Resistivity Database in seepage monitoring

As discussed on Chapter 1, Electrical Resistivity Tomography (ERT) is one of the most
common flow detection methods in seepage monitoring of the dams. Numerous case
studies showed the accuracy and reliability of this investigation method in detecting zones
with anomalous behavior in dam leakage studies. In this section, twenty two case studies
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were pursued to evaluate the effectiveness and resolution of the ERT method in detecting
seepage distressed zones of soil dams. For this purpose, the general characteristics of each
dam like location, type, size and soil type was summarized in a table. In each case study,
the seepage investigation was implemented with at least two different methods including
ERT and one or more other methods were explicated in Chapter 1. In many of the cases,
the leakage was observed visually. However, in some incidents, visual inspection did not
discover any sign of flow and instead, the other seepage monitoring tools detected
symptoms of abnormal behaviors.
The applied methodology to analyze and develop the database is based on the
sensitivity of ERT in locating the leakage zones which were already detected by the other
monitoring methods or visual inspection. For this purpose, in each case, total number of
leakage zones detected by other monitoring method but ERT are assessed and checked
against the areas where anomalies were located by ERT. In the majority of the studied
cases, ERT detected all the areas were addressed by the other methods or visual inspection.
In some of the cases, more anomalies were detected by ERT than the other methods. But,
since there was no evidence to evaluate the validity of those additional detected zones, they
were excluded from sensitivity analysis of ERT accuracy evaluation. Just in two incidents
ERT results were slightly off from the detected leakage zones located by the other
investigation methods. According to this dataset, through the total 22 seepage monitoring
case studies of soil dams, ERT method detected total number of 52 anomalies that could
be indications of saturated zones and flow path inside the studied dams. Out of 52
suspicious seepage zones indicated by ERT, existence of flow was confirmed by other
investigation methods also in 40 cases. ERT missed the flow zones, detected by the other
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methods in two cases and in 12 other zones where just ERT detected anomalies, no other
method reported whether there was a seepage or any other signs of distress. Based on the
analysis, on average ERT detected 98% of the anomaly zones were already detected by the
other investigation methods.
The detailed analysis of the case studies is presented in Appendix B. Table 2.2
summarizes the findings of the analysis.
Table 2.2 Summary of Statistical Results of Applying ERT in Seepage Detection of
Embankment Dams (Continued)

No.

Type

Location

1 Earthfill Dam Colorado

2 Dam (model) Lab model

3 Dam (model) Lab model

4 Dam (model) Lab model

5 Dam Lake

6

7

11 m

1.5m

1.5m

1.5m

Hama City,
55m
Syria

Saddle dam
#1

India

Saddle dam
#3

India

8 Earthfill Dam California

9

Height

Homogeneou
Nigeria
s earth dam

Length
122 m

3.6m

3.6m

3.6m

2870m

Anomaly Zones
Detected by
Other Methods
(than ERT)
Method
ERT, SP,
OL

3 SP (1 was
confirmed by OL)

ERT, OL

1 OL

ERT, OL

ERT, OL

ERT, OL

2 OL

2 OL

1 OL

Not
550m
Reported

ERT, SP,
OL

19.5m

3 SP (1 flowpath
ER, SP, PP was confirmed by
PP)

34.5m

290m

815m

Not
300m
Reported

3 SP (1 was
confirmed by OL)

Anomaly Zones
Detected by ERT
3 (same zones as
detected by other
methods)
1 (same zone as
detected by other
method)
2 (same zones as
detected by other
method)
2 (same zones as
detected by other
method)
1 (same zone as
detected by other
method)
5 (3 zone are the
same as detected by
other methods)
4 (3 zone are the
same as detected by
other methods)
2 (same zones as
detected by other
method)

ERT, OL

2 OL

ERT, SR

Lower seismic
4 low ER zones btw
velosity zone btw
dpth 4-8(m)
dpth 4-12(m)
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%
precision
of ERT

100%

100%

100%

100%

100%

100%

100%

100%

87%

Table 2.2 (Continue) Summary of Statistical Results of Applying ERT in Seepage
Detection of Embankment Dams

No.
10

Type
zoned earth
dam

11 Dam site

12

Location

90m

280m

ERT, OL

South of
France

7m

110m

ERT, SP,
OL

30m

120 (R)
200 (L)

ERT, VI,
PM, TM

tephra
barrier
New
13
across outlet Zealand
of a lake

15

16

17

18

Saudi
Arabia

Not
Not
ERT, VI
Reported Reported
Not
Not
ERT, SR
Reported Reported

Embankment
South Korea 20m
dam

300m

Embankment
Norway
dam

5.5m

40m

Embankment
Taiwan
dam

90m

Homogeneou Washington
10m
s earth dam county, MO

homogeneous
19 earth-fill
Colorado
dam

4m

20 Dyke

3.65m

21

Length

Taiwan

Zoned
Hallby,
embankment Sweden

14 Soil dam

Height

tailing dam
with core

Anomaly Zones
Detected by
Other Methods
(than ERT)
Method

India
southern
Sweden

22 Not Reported China

27m

282m

100m

427m

ERT, OL

ERT

ERT, PP

ER, SP
ERT, SP,
SR, PP
ERT, SR,
OL

807m

ERT, VI

Not
Not
ERT, OL
Reported Reported

%
Anomaly Zones
precision
Detected by ERT
of ERT
2 (1 zone is the same
1 OL
as detected by other
method)
100%
1 (same zone as
1 SP (Confirmed
detected by other
by OL)
method)
100%
3 (on right dam), 1
0 (on right dam),
(on left dam, same
1 (on left dam)
zone as detected by
VI, PM, TM
other method)
100%
1 VI (final collaps 1 (same zone as
occurred at this
detected by other
location)
method)
2 (same zones as
2 SR
detected by other
method)
3 (2 zones are the
2 OL
same as detected by
other methods)
4 Built-in flow
3 zones were
paths in
detected, 1 zone
embankment
missing
2 (same zones as
2 PP
detected by other
method)
1 (same zone as
1 SP
detected by other
method)
1 (same zone as
1 SP & SR
detected by other
(confirmed by PP)
methods)
3 (2 zones are the
1 SR (confirmed
same as detected by
by OL), 1 OL
other methods)
2 (same zones as
2 VI (2 sinkholes
detected by other
observed)
method)
4 (3 zones are in the
same area addressing
1 of the leakage zone,
2 OL
other zone is in the
same area as
detected by other
methods)

Average =
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100%

100%

100%

75%

100%

100%

100%

100%

100%

100%

98%

where


ERT: Electrical Resistivity Tomography



OL: Observed Leakage



SR: Seismic Reflection/Refraction



SP: Self-Potential



PP: Pizometer Pressure Measurement



TM: Temperature Measurement



VI: Visual Inspection
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CHAPTER 3
SITE INFORMATION AND DATA COLLECTION

3.1

Introduction

The process of the safety investigation of the studied dam starts with preparing a profile
comprises the history and initial condition evaluation of the dam. The information is mainly
collected from a previous inspection report prepared by a third party and initial site visits
performed by the research team. Then, based on the existing condition of the dam and
available data, an investigation method and data collection procedure for the first phase of
inspection is identified and implemented.

3.2

Site Information

The studied dam is an earth embankment dam with a concrete core wall, located in northern
New Jersey. The height of the dam is about 60 ft. It has an ogee spillway and four low level
outlets located on the gatehouse. The crest of the dam is about 20 ft. wide, paved and has
two lines of guard rails along the both sides. The safety assessment of the dam is currently
performed based on visual field inspection. Such inspections have been mere snapshots of
the visually detected conditions performed at scheduled times that may not provide a
thorough evaluation of safety condition of the dam.

3.3
3.3.1

Preliminary Assessment and Visual Inspections

Site History

The first stage of the study reviews the report of the inspection performed and prepared by
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a professional third party consultant on December 2014. The summary of the inspection
includes:
● The downstream toe immediately upstream and about 67 ft. from the right end of
the concrete jersey barriers is soft and moist
● A spring and pool of standing water is located immediately downstream of the
concrete jersey barriers along downstream toe
● Seepage at downstream toe at right abutment that was previously reported was not
observed during 2014 inspection
● Standing water previously observed along upstream edge of Jersey barriers
approximately 70 ft. from right of the abutment was not observed during 2014
inspection
● Concentrated leakage inside of the gatehouse chamber located behind the staircase
along the right side of the gatehouse wall
● Several concentrated leaks were observed in the mortar at the bottom right chamber
of gatehouse
● Small burrow was observed at the top of the upstream slope within the grass near
the edge of crest pavement
● Concrete delamination of the gatehouse wall along the upstream face of the wall at
normal pool level
● Some spalling of a vertical joint near the center of the gatehouse below normal pool
level
● Numerous animal burrows observed throughout the downstream slope
● Some localized depressions in the main embankment where runoff crosses midlevel bench
● A 4-foot wide depression was observed along the lower portion of the slope near
the center of the dam
● Two areas of significant erosion were observed along the outside of the mortared
stone-wall near the downstream end of the spillway training wall
● A small spall was observed in the concrete sill at the far left side of the discharge
channel apron surrounded by a circular wet area in the concrete
● Significant erosion along the top of the left outlet channel bank just upstream of the
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footbridge since 2011 inspection
● 2011 and 2012 inspection reports indicated that there were seven transverse cracks
were observed along the asphalt crest. Two new transverse cracks were observed
during 2014 inspection. The wideness of the cracks range between 3/8” to a
maximum of about 2”
● Mid-level bench is slightly irregular and not level. Some slight depressions were
observed along the contact with the upper center abutment
3.3.2

Visual Inspection

Visual site investigations were performed during fall 2015, spring 2016 and winter 2017.
3.3.2.1.

Fall 2015

Several site investigations were performed during fall 2015. The reservoir water level
elevation was measured as 13’ below the crest. The following issues were observed during
the inspections.
At the downstream toe immediately upstream of the concrete jersey barriers and at
station about 0+70 from the right end of the jersey barriers is a soft and moist zone. A 4 ft.
metallic bar was used to check the stiffness of the soil. The bar could easily penetrate into
the soil at this area and soil seems to be saturated at the larger depth (Figure 3.1). This
zone was also reported in the 2014 inspection report.

Figure 3.1 Detection of wet soft soil at the downstream toe.
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Immediately downstream of the concrete jersey barriers along downstream toe,
there is a spring and pool of standing water stands. This incident was reported since 2014.
However, more investigation revealed the exact location of the outflow that located at
station 0+70 from right end and 10’ downstream of the of the jersey barriers (Figure 3.2).
Standing water at this area was reported in the previous inspection reports, however this
zone was not observed within the 2014 inspection.

Figure 3.2 Standing water and seepage outflow downstream of the parapet jersey barriers.
The outflow water was clear and no sign of piping/erosion was observed visually.
The temperature of the outflow water was measured as 39.4° F while the water temperature
at the surface of the reservoir was measured as 38.2° F, indicating the source of water with
high certainty is within the reservoir rather than the underground water.
Site investigation revealed an area downstream of the right abutment where large numbers
of the trees were fallen. Figure 3.3 is an aerial photo clearly shows this zone. Slight change
in vegetation was also discovered in this area. The fallen trees and change in vegetation
could be a sign of moist or saturated soil in this region.
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Figure 3.3 Area with the fallen trees downstream of the right abutment

Several transverse cracks were observed along the crest in the pavement. Cracks
were extended across the asphalt pavement (Figure 3.4). These cracks were reported since
2011 and the wideness of the cracks was between 3/8” and 2”.

Figure 3.4 Transverse cracks along the crest.

3.3.2.2.

Spring 2016

Second series of the visual inspection was performed during May 2016 to evaluate the
dam’s condition and the following cases were observed.
Eight transverse cracks were observed in the pavement along the crest. These cracks
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were also observed during previous inspections. All the cracks were extended all across
the pavement. The widths of the cracks were between 0.5” to 2”. Figure 3.5 shows the
locations of the cracks on the dam and statements about each one. Four of the cracks were
dry (cracks #1, 2, 3, 7) whereas grass and lawns were growing out of the other four (cracks
#4, 5, 6, 8). The vegetated cracks were mainly located on the east side of the dam. Growing
grass through the cracks could be an indicator of existence of wet soil at these areas. Crack
#7 was not observed during the previous inspection and looks like a new crack. The
wideness of this crack was measured as 0.5”.

Figure 3.5 Location and status of observed transverse cracks along the crest (Continued).
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Figure 3.5 (Continued) Location and status of observed transverse cracks along the crest.
The reservoir level was measured about 8.5' below the crest elevation. Water was
overflowing the auxiliary spillway. Reservoir elevation was about 4’ higher than the
elevation observed during fall 2015 inspection. Saturated area was observed along the toe
right upstream of the concrete jersey barriers and between stations 0+40 and 1+00 from the
right end of the wall. An active seepage outflow was previously observed at station 0+70
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and 10' downstream of the jersey barriers during the visit in fall 2015 was not observed
during this inspection. However, water is flowing out of an opening in the jersey barriers
(outflow# 2) around the same station. The flowing water was clear and no sign of piping
was observed visually.

Figure 3.6 Detected downstream outflows.
Additional flow (outflow #1) was observed coming out of the west corner of the
toe and along the downstream of the concrete jersey barriers and merges to outflow #2 at
station about 0+70 from the right end and 10' downstream of the barriers. As this flow was
traced, the outflow spot was located within a pond 8' downstream of the jersey barriers and
at station about 0+20 from the right end. A T-section shape barrier in this area created a
pond and water is blowing out of the ground into the pond. Then water seeps below the
barriers and merges to the other flow. The flowing water from the pond was clear with no
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sign of piping. Figure 3.6 shows the detected outflows at the toe of the dam. Figure 3.7 is
showing the location of the Outflow #1 from the upstream side.
For Outflow #1 although the discharge flow is clear, it is possible the washed out
sediments were deposited within the pond and just clear water is flowing out. The area
around the pond and along the right abutment is covered with dense bushes and fallen trees,
which limited the access to these areas. As reported in 2014 inspection, some slight
depressions were observed at mid-level bench along the contact with the upper center
abutment. Depression could be a sign of washing out of soil materials that results in
subsidence of the ground at the depressed zone.

Figure 3.7 Location of blowing spring. Looking from the downstream slope towards the
toe.
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An area of standing water was observed around station 2+60 from the right end and
about 30’ downstream of the concrete jersey barriers. The outflow spot for this standing
water was not detected via visual inspection. No sign of sinkhole or settlement was
observed on the embankment and the left abutment. The standing water looks like to be
contaminated. Figure 3.8 shows the location of this swamp and contaminated water.

Figure 3.8 Location of standing water downstream of the jersey barriers at station around
2+60.
3.3.2.3.

Winter 2017

Final series of site inspection was performed during winter 2017. Reservoir water elevation
was measured at about 18 feet below the crest elevation, which is calculated as 42 feet from
the dam’s base. Standing water at downstream toe and around station 2+60 from the right
end and about 30’ downstream of the concrete jersey barriers was not observed during this
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inspection. Also, no flow was observed at outflow #2 and a minor flow was measured at
Outflow #1.

3.4

Flow Measurement

Two weirs were installed at downstream of the concrete jersey barriers in order to measure
the discharge from Outflows #1 and 2. For each Outflow the amount of discharge was
calculated via weir formulation as well as manually. Outflow discharges were measured
during three seasons with different reservoir elevation. The upstream water elevation was
estimated as 42 ft., 47 ft. and 51 ft. for seasons of winter, fall, and spring.
3.4.1

Weir #1

Weir #1 is an orifice weir, built from 0.5” sheetrock with dimensions of 36"(w) x 24" (h)
x 36"(L) and 1” diameter orifice located 11” above the base. The weir is installed at St.
0+80 from the right end and 25’ downstream of the jersey barriers. The water level in the
weir was measured 15” above the base and 4” above the orifice. Weir #1 is measuring the
accumulation of discharge from flows #1 and #2 at the toe. Flow #2 was independently
measured with weir #2 and the difference of discharge between weirs #1 and #2 is the
discharge of Outflow #1. Figure 3.9 shows the outflow from Weir #1 at two different
seasons. Two methods were employed to measure flow from the weir #1.
The first method is measuring discharge equation of a circular sharp-crested orifice
(Prabhata, 2010) by unifying viscous and potential flows.
𝑄 = 𝜋/4 𝐶𝑑 𝑑 2 √2𝑔ℎ

(4.1)

where Q is the discharge, Cd is the discharge coefficient, d is the orifice diameter, g is the
gravitational acceleration and h the depth of orifice center below free surface. The
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discharge coefficient varies with d(gh)½ /υ, where υ is the kinematic fluid viscosity. In this
equation, For very large [d(gh)½ /υ] - larger than 100 - the asymptotic discharge coefficient
(Cd) may be fitted to: (Prabhata, 2010)
𝐶𝑑 = 0.611 (1 +

4.5 𝜐

)0.882

(4.2)

𝑑 √𝑔. ℎ

Discharge from weir #1 was also measured manually multiple times and the average was
calculated. A 6-inch diameter container was filled with the outflow from weir #1 multiple
times and the time and height of water in the container was measured for each filling.
During fall 2015 inspection, upstream head was estimated as 47 feet from the base
and the elevation of water above the orifice center was measured as 2.75 inches. Therefore:
● υ = 1.21 x 10-5 sq.ft./s at temperature 60o F
● d = 1 inches = 0.083 ft.
● g = 32.17 ft/s
● h = 2.75 inch = 0.229 ft.
● d x (gh)½ / υ = 1.87 × 104 > 1 x 102
● Cd = 0.611
● Q1 = 0.0128 cu ft./s (Fall 2015)
The amount of discharge was also measured with an average of 0.0109 cu ft./s
manually within multiple trials.
During spring 2016 inspection, upstream head was estimated as 51 feet from the
base and the elevation of water above the orifice center was measured as 4 inches.
Therefore:
● h = 4.5 inches = 0.375 ft.
● d x (gh)½ / υ = 2.39 x 104 > 1 × 102
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● Cd = 0.611
● Q1 = 0.0164 cu ft/s (Spring 2016)
The amount of discharge was also measured with an average of 0.0137 cu ft/s
manually within multiple trials.

(a)
(b)
Figure 3.9 Orifice weir at outflows #1 during (a) Spring 2016 and (b) Winter 2017.
During winter 2017 inspection, upstream head was estimated as 42 feet from the
base and the elevation of water was measured 4.5 inches below the orifice center. Since the
water elevation in the weir was lower than the orifice elevation, the discharge could not be
measured with the weir calculation method. Instead the flow was channelized into a dug
pit and just measured manually as 0.000083 cu ft/s.
Q1 = 0.000083 cu ft/s (Winter 2017)

66

3.4.2

Weir #2

Weir #2 is a triangular V-notch weir, built from sheetrock with dimensions 12”(w) x 12”(h)
x 18”(l) and V-notch size of 2.5”(b) x 5”(h), installed 3 ft. downstream at station 0+80
(from right end) of the barrier wall to measure the outflow #2. Figure 3.10 shows Weir #2
at the downstream toe. Two methods were employed to measure the flow from the weir #2.
The first method is Triangular Weir Equations using Kindsvater-Shen equation.
𝑄 = 4.28 𝐶 𝑡𝑔(𝛳/2) (ℎ + 𝑘)5/2

(4.2)

where:
Q = discharge in cu ft/s
C = discharge coefficient calculated
𝜃 = Notch angle in degree
h = Head in ft.
k = Head correction factor in ft.
C = 0.607165052 - 0.000874466963 θ + 6.10393334x10-6 θ2
k (ft.) = 0.0144902648 - 0.00033955535 θ + 3.29819003x10-6 θ2 - 1.06215442x10-8 θ3
According to the dimensions of Weir #2:
● 𝜃 = 28.07 degree
● C = 0.587
● K = 0.007 ft.
During fall 2015 inspection, upstream head was estimated as 47 feet from the base
and the elevation of water above the V-Notch was measured as 1.2 inches. Therefore:
● h = 0.1 ft.
● Q2 = 0.004 cu ft/s (Fall 2015)
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The amount of discharge was also measured with an average of 0.00303 cu ft/s
manually within multiple trials.

(a)
(b)
Figure 3.10 V-Notch weir at outflow path #2 during (a) Spring 2016 and (b) Winter 2017.

During spring 2016 inspection, upstream head was estimated as 51 feet from the
base and the elevation of water above the V-Notch was measured as 1.5 inches. Therefore:
h = 0.125 ft.
Q2 = 0.004 cu ft/s

(Spring 2016)

The amount of discharge was also measured with an average of 0.00546 cu ft/s
manually within multiple trials.
During winter 2017 inspection, upstream head was estimated as 42 feet from the
base and the elevation no flow was observed at Outflow #2.
Q2 = 0.00 cu ft/s

(Winter 2017)
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3.4.3

Summary of Flow Measurement

Discharge from the both weirs were measured with two different methods, one manually
and one according to the discharge equations for weirs. For the both weirs, the calculated
error between two different methods were between 10% - 15% which is within an
acceptable range. Considering there is human and instrument errors in measuring discharge
with manual method, quantities calculated from weir discharge equations will be addressed
as reference values.
Considering Weir #1 is measuring the joint discharge of Outflows #1 and #2 and
Weir #2 is measuring the sole discharge of Outflow #2, the difference between these two
measurements is representing Outflow #1 discharge. Table 3.1 is presenting the results of
field measurements for the Outflows’ discharge calculated with weir formulations at three
reservoir level.
Table 3.1 Measured Outflow Discharge at Three Reservoir Level
Reservoir Level (ft.) Outflow #1 (cu ft/s)

Outflow #1 (cu ft/s)

42

0.0008

0.0000

47

0.0088

0.0024

51

0.0124

0.0040

3.5
3.5.1

Electrical Resistivity Survey

Data Collection

As discussed in Chapter 1, and according to the statistical data provided based on the
studied cases in Chapter 2, Electrical Resistivity survey is one of the applicable and
reliable seepage monitoring methods in earthen hydraulic structures. In order to detect the
possible flows in the studied dam, three ER lines were surveyed to detect the zones with
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anomaly behaviors. The location of the survey lines are:
● Along the crest and 8 feet below the guard rail on the downstream embankment,
starting from right (western) end of the guard rail with total length of about 700 ft.
● Along mid-level bench starting from the right (western) abutment with total length
of about 600 ft.
● Along the toe and 10 ft. upstream of the concrete jersey barriers on the slope starting
from the right end of the barrier wall and total length of about 100 ft.

(a)
(b)
Figure 3.11 Electrical Resistivity survey with (a) AEMC 6470-B device and (b) Wenner
electrode array configurations
AEMC 6470-B device with four electrodes was used to measure resistivity of
about 330 points along the three surveying lines. Wenner electrode array configuration was
employed with unit electrode spacing of 10 ft. and increasing the electrode distance in 10
ft. increments at each stage up to 60 ft. The applied methodology for collecting the data
was similar to multi electrodes ERT survey, but instead of installing multi electrodes along
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the survey line at the beginning of the survey and use automatic cable to switch between
the electrodes, the electrode configuration was adjusted manually for measuring resistivity
for each survey point. The apparent resistivity of each point and distance between the
electrodes are recorded into the device in a consecutive order and the stations of the
surveying points were recorded manually to be assigned to the recorded data for the
subsequent inversion analysis. Figure 3.11 shows AEMC 6470-B device during the
resistivity data collection at the studied dam.
3.5.2

Data Inversion

For each surveying line, the recorded data is processed into a specific format to be used as
input to the inversion software. The required data for the model are the title of the graph,
number of the surveying points, unit distance between the electrodes, stations in the middle
of the potential electrodes and apparent resistivity of each reading point. In this study,
Res2vity software was employed to invert the reading data and prepare the resistivity
profile along the surveying lines. Figure 3.12 is showing the ERT profiles along three
surveying lines.

(a)

(b)
Figure 3.12 ERT results along (a) crest, (b) mid-berm of the studied dam (Continued).
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(c)
Figure 3.12 (Continued) ERT results along (c) toe of the studied dam.
3.5.3

Results and Discussion

ERT profile along the toe (Figure 3.12(c)) shows a low resistivity zone at station around
0+80 ft. from the right end of the concrete jersey barriers. This location with acceptable
range of accuracy is addressing the outflow zone was observed at station 0+70 ft. from the
right end and about 10 ft. downstream of the barriers. Detecting this outflow zone with
ERT method is another example of showing the accuracy and reliability of this method in
detecting seepages in soil dams.
The resistivity profile along the crest (Figure 3.12(a)) shows three regions with
low resistivity. First point is located about 50 ft. from right end of the guard rail and at the
depth of about 20 ft. adjacent to the right abutment. ERT survey could not be extended
more towards the right abutment due to the limitation of access to the zone as it was covered
with dense bushes and fallen trees. The second low resistant zone was detected at station
around 4+30 ft. from the right end of the guard rail and at the depth about 25 ft. Large low
resistant zone in this profile could be an indicator of an extensive wet zone in this area. The
last low resistivity spot along the crest was detected at the right abutment and depth of
about 30 ft. Due to the limitation of access, no more stations could be surveyed towards
the left abutment. These three zones are estimated to be the potential entranceways into the
downstream embankment.
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The profile along the mid berm (Figure 3.12(b)) is illustrating two low resistivity
zones around stations 1+80 ft. and 3+00 ft. from the right abutment. These spots are
addressing potential spots of flow, passing through the surveying section. An extensive low
resistant area is detected along the mid-level berm between stations 2+70 ft. and 3+50 ft.
from the right abutment. This zone is expected to embed the flow towards the downstream,
especially towards outflow #2. There is another comparatively small low resistant area
detected at station around 1+80 ft. from the right abutment and at shallower depth along
this survey line. This zone could also be considered as a spot within the potential flow
pathway. No point could be surveyed near and on the abutments along this line due to
access limitations.

Figure 3.13 Schematic view of seepage monitoring results of the studied dam.
Figure 3.13 shows a schematic view of the findings in the first phase of seepage
monitoring. In the figure, blue dots are representing the low resistivity zones which
addressing potential saturated zones within the embankment detected by ER survey.
Yellow circles and ovals are showing areas where water is ponded and saturated zones
respectively. Red arrows are representing the observed outflow paths. Two flow paths
merge together at station around 0+70 from the right end and 10' downstream of the jersey
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barriers.
According to the site observations and results of the ERT survey, three potential
flow paths are considered for each detected Outflow. Figure 3.14 illustrates these potential
flow paths. For each Flow Path (FP i-j), the first number (i) is the number of the origination
point at the crest and the second number (j) is the Outflow number which the flow path is
leading to. In Chapter 4 the probability of each flow path is calculated according to the
observed data and subsequently, the most probable scenario is identified.

(a)

(b)
Figure 3.14 Schematic view of the potential flow paths for (a) Outflow #1 and
(b) Outflow #2.
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For the detected outflows at the downstream toe, the discharge flows were found
clear with no visual sign of turbidity. This is an indicator the dam is not suffering from
extreme active erosion under current condition. However, any change in behavior of the
dam or the flow may act as a trigger. Any incident such as movement, settlements, changes
in flow paths, discharge or total head, severe weather condition and precipitation, etc. may
change the behavior of the seepage and the process of internal erosion could be initiated
and progressed. Furthermore, there is a chance the dam is suffering from any minor and
gradual erosion that can be detected visually. In this case, although no sign of turbidity is
observed at the outflow spot, but in reality the soil is slowly washed out along the flow
path which results in expanding the pipe diameter and increasing the discharge expand the
pipe, which can eventually transform into an extreme active erosion. In Chapter 5, a
methodology for estimating of rate of erosion is presented. Also, the potential failure time
is estimated with four theoretical methods, in case of an active erosion occurs and the
breach process initiates and develops. It is essential the source of the distresses are
identified and remediated to avoid any subsequent catastrophic disasters.
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CHAPTER 4
SOFTWARE MODEL
4.1

Introduction

In order to have a better evaluation of the studied dam’s seepage behavior and have a
reference to compare the field collected data against, an attempt was made to develop 2D
and 3D models of the dam in GeoStudio and SVOFFICE software. In these models, the
geometry of the dam, soil class, core type and boundary conditions of the dam were taken
into account. The required data for the models were gathered based on field measurements,
previous boring tests and inspection reports done by others and appropriate methods of
estimation. Figure 4.1 shows the plan view and a section view of the studied dam.

Figure 4.1 Plan and section view of the studied dam.
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4.2

Geotechnical Data

Figure 4.2 is presenting the grain size distribution of the embankment according to a boring
test performed by a third party on 1997. The test was carried out on the crest and to the
depth of 70 feet.

Figure 4.2 Grain size distribution of the studied dam.
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Based on the boring test results, three soil distributions were identified along the
boring depth. However, considering the conformity of the three distribution graphs and for
simplicity, it is estimated there is a uniform soil with the average of the distributions for
the entire dam. Table 4.1 illustrates the summary of the soil distribution and estimates of
the volumetric water content and soil conductivity.
Table 4.1 Soil Distribution by Weight, Volumetric Water Content and Soil Conductivity
Estimate
Soil # Boring

Depth
(ft.)

Silt
Description Gravel Sand Clay

or
Ksat (ft./sec)

Saturation
(%Vol.)

1Ο

B-1 / S-2 20-22

Silty Sand
(SM)
20%

52% 28%

7.29E-08

35.60%

2□

B-1 / S-4 40-42

Silty Gravel
(GM)
46%

38% 16%

1.06E-06

32.70%

3Δ

B-1 / S-6 60-61.5

Silty Sand
(SM)
35%

45% 20%

6.39E-07

31.70%

Average

45% 21%

6.02E-06

39.80%

34%

To estimate the volumetric water content (Saturation) and conductivity (Ksat) of
each of soil classes, SPAW (Soil – Plant – Air – Water) software was employed. SPAW
was developed by USDA Agricultural Research Service in cooperation with Department
of Biological Systems Engineering at Washington State University. The Soil-Water
Characteristics feature of this program is estimating the soil characteristics such as
saturation and saturation hydraulic conductivity according to the soil distribution and
compaction ratio for any studied soil. Figure 4.3 illustrates these parameters according to
the data provided in Table 4.1 and compaction ratio of 1.1. The results show the saturated
hydraulic conductivity (Ksat) of the soil is 0.26 in/hr. (or 6.02 x 10-6 ft/sec.) and the
saturation is 39.9 %Vol.
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Figure 4.3 Results of soil characteristics from SPAW.
4.3

2D Model

GeoStudio 2012 software was utilized to create a 2D model of the studied dam. GeoStudio
consists of 8 products for analyzing and modeling different geotechnical problems. Seep/W
is the product applied for seepage modeling and analysis. Figure 4.4 is showing the 2D
model of the studied dam in Seep/W. The estimated parameters in Table 4.1 and Figure
4.3 are used for this model. Since the water flow inside the embankment is in unsaturated
mode, the volumetric water content and hydraulic conductivity functions of the soil needs
to be estimated. Seep/W has the capability to estimate the Volumetric Water Content
(VWC) function according to grain size data and saturated water content of the soil for
different matric suctions. To estimate the VWC for this model, the sample material was
considered as “silty sand” and the saturated water content was estimated as 0.4 ft3/ft3.
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Seep/W is also capable to estimate the hydraulic conductivity function with two different
methods, Van Genutchen and Fredlund & Xing. In this model Van- Genutchen method was
utilized to estimate the function with Ksat = 6.4×10-7 ft. /sec and Residual Water Content =
0.05 ft3/ft3. The result of this estimate is a graph showing the conductivity of the soil for a
range of matric suction. In this model, the foundation material is considered as saturated
loam with saturated volumetric water content of 0.317 ft3/ft3 and Ksat of 6.4x10-7 ft. /sec.
Figure 4.5 shows the estimated graphs in GeoStudio for Hydraulic Conductivity and
Volumetric Water Content functions.

Figure 4.4 2D model of the studied dam in GeoStudio Seep/W software.
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(a)

(b)

Figure 4.5 Estimating graphs of (a) Hydraulic Conductivity and (b) Volumetric Water
Content in GeoStudio software.
4.4

3D Model

Different 3D models were created to describe the seepage behavior for each mode
reflecting potential flow paths described in Chapter 4 in SVOFFICE software. This
software also has different products for various purposes in geotechnical studies. In this
study, SVFLUX product was employed to model the seepage flows in the studied dam.
In this model, similar to the 2D model, unsaturated silty sand, saturated silty sand,
unsaturated loose silty sand, saturated loam and concrete was assigned to embankment,
flow paths, abutment, foundation and core of the model, respectively. The quantities and
methods to calculate and estimate volumetric water content and hydraulic conductivity are
the same as the 2D model. Table 4.2 shows the characteristics of each material in the 3D
models.
Two seepage outflows were detected at the downstream toe of the embankment and
according to ER survey and field observations, three potential flow paths were identified
for each detected outflow. A 3D software model is developed for each of these scenarios
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for three different reservoir level by embedding the potential path within the downstream
embankment, and analyzing the model to calculate the discharge value at each outflow.
Table 4.2 Characteristic and Location of Each Soil Class in the Studied Dam for 3D Model
Soil/Material Type

Location

Saturation

Saturated Hydraulic
Conductivity (Ksat)

Silty Sand

Embankment

Unsaturated

6 × 10-6 (ft/s)

Concrete

Core

Unsaturated

3.28 × 10-9 (ft/s)

Sat. Silty Sand

Flow Path

Saturated

6 × 10-3 (ft/s)

Loose Silty Sand

Abutment

Unsaturated

1 × 10-4 (ft/s)

Loam

Foundation

Saturated

6.4× 10-6 (ft/s)

For the 3D models, the potential flow paths are modeled just within the downstream
embankment with the origination points within or along the concrete core. For flow paths
#1 and #3, it is assumed the origination of the paths are from the right and left ends of the
concrete core and in the abutments. The origin of the flow path #2 is assumed to be a crack
within the concrete core at station around 4+30 ft. from the right abutment. For the regions
of the flow paths, the hydraulic conductivity of the soil is estimated relatively higher than
the embankment material, and considered as saturated soil. Discharge at the two outflows
are measured for three upstream reservoir elevations at 51 ft., 47 ft. and 42 ft. from the
embankment base.
Outflow #1 is located at the west corner of the toe and along the downstream of the
concrete jersey barriers. The potential flow paths for Outflow #1 are shown in Figure
3.14(a). Flow path 1-1 is assumed to be located along the right abutment towards the
downstream toe. Flow path 2-1 is originated from the concrete crack at station around 4+30
ft. from the right abutment and flows towards Outflow #1. Potential flow path 3-1 is
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originating from the left abutment.
Outflow #2 was detected at station about 0+70 from the right end of downstream
concrete jersey barriers. Figure 3.14(b) shows the potential paths are flowing to this
outflow. The outflow discharge for each of the paths are measured at three different
reservoir elevations from the 3D models.

4.5

Results and Discussion

Figure 4.6 is showing pressure head and total head of the 2D model analyzed by GeoStudio
2012. According to the results, the water level right downstream of the concrete core within
the embankment is 12 feet above the toe elevation (48 feet below the crest elevation).

(a)
(b)
Figure 4.6 Results of (a) Pressure Head and (b) Total head of the studied dam analyzed in
GeoStudio software.
However, the observation well right downstream of the concrete core at St. 4+15
ft. from the right end abutment at the crest, measured water elevation 34 feet below the
crest elevation (26 feet above the toe elevation). The 14 feet difference between the
measured and observed water level inside the downstream embankment justifies the
potential existence of uncontrolled seepage flow in this region. Figure 4.7 is comparing
this difference in water elevation in a schematic configuration.
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Figure 4.7 Schematic view of measured and analyzed water level in downstream
embankment.
Each of the 3D models were developed and analyzed in SVFLUX software was
representing a flow path towards the outflows at the downstream toe. The software
provides different types of reports and contours such as pore water pressure, total head,
flow velocity and flux. Total head of 51 ft., 47 ft. and 42 ft. are assigned as boundary
condition for the upstream embankment and abutments, addressing three reservoir water
elevation and the total head is assigned as zero at the downstream. In order to calculate the
discharge, a boundary condition is assigned at the outflow side of each flow path where the
flux to be measured at. Figure 4.8 shows 3D models and analysis results for flow paths 11, 2-2 and 3-2 for reservoir level at 51 ft.

84

(a)

(b)
Figure 4.8 (a) 3D model of Flow path 1-1 and (b) Analysis results of Flow path 1-1 in
SVFLUX software for reservoir level at 51 ft. (Continued)
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(c)

(d)
Figure 4.8 (Continued) (c) 3D model of Flow path 2-2 and (d) Analysis results of Flow
path 2-2 in SVFLUX software for reservoir level at 51 ft. (Continued)
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(e)

(f)
Figure 4.8 (Continued) (e) 3D model of Flow path 3-2 and (f) Analysis results of Flow
path 3-2 in SVFLUX software for reservoir level at 51 ft.

Table 4.3 summarizes the results of 3D software analysis for each flow path at
three different reservoir elevation and actual measurement on site.
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Table 4.3 Summary of Outflow Discharge Calculated With Software Model and Site
Measurement for (A) Outflow #1 and (B) Outflow #2
Outflow #1
Reservoir
Elevation (ft.)

Discharge calculated with 3D software model (cu ft/s) Discharge
measured at
Field (cu ft/s)
FP 1-1
FP 2-1
FP 3-1

42

0.0015

0.0017

0.00040

0.00083

47

0.0064

0.0048

0.00192

0.00880

51

0.0107

0.0060

0.00220

0.01240

(a)
Outflow #2
Reservoir
Elevation (ft.)

Discharge calculated with 3D software model (cu ft/s) Discharge
measured at
Field (cu ft/s)
FP 1-2
FP 2-2
FP 3-2

42

0.0017

0.00024

0.00002

0.0000

47

0.0043

0.00150

0.00014

0.0024

51

0.0062

0.00380

0.00084

0.0040

(b)
Figure 4.9 is comparing the outflow discharge and reservoir level of the modeled
flow paths and site-measurements for two studied outflows. For each graph-line a second
ordered polynomial trendline is developed and the trendline equation as well as r-squared
value is calculated as follow:
● Outflow #1
○ Site measurement: y = -7.707×10-5 x2 + 8.453×10-3 x - 0.218,

r2=1.0

○

Flow path 1-1: y = 1.053×10-5 x2 + 4.275×10-5 x - 0.019,

r2=1.0

○

Flow path 2-1: y = -3.63×10-5 x2 + 3.85×10-3 x - 0.096,

r2=1.0

○

Flow path 3-1:y = -2.635×10-5 x2 + 2.649×10-3 x - 0.064,

r2=1.0
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(a)

(b)
Figure 4.9 Outflow discharge vs. reservoir level for (a) Outflow #1 and (b) Outflow #2
comparing calculating discharge from 3D model for each flow path and actual site
measurement
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● Outflow #2

○ Site measurement: y = -8.889×10-6 x2 + 1.271×10-3 x - 0.038,

r2=1.0

○

Flow path 1-1: y = -4.869×10-4 x2 + 9.533×10-4 x - 0.03,

r2=1.0

○

Flow path 2-1: y = 3.27×10-5 x2 + 2.65×10-3 x + 0.054,

r2=1.0

○

Flow path 3-1: y = 1.669×10-5 x2 - 1.461×10-3 x + 0.032,

r2=1.0
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CHAPTER 5
PROBABILITY ANALYSIS AND FAILURE RISK

5.1

Introduction

According to the results of the site investigations, ER survey and software models, different
seepage scenarios were identified for each detected outflow at the downstream toe as
presented in Chapter 4. In this chapter, two separate analysis are done to evaluate each of
the seepage scenarios and estimate the rate of erosion in case of internal erosion incident.
In the first analysis, a Bayesian model is developed to calculate the probability of
each identified scenario as a potential path of detected flows. In this model, the prior
probabilities are calculated based on the generic location of seepage origination in earth
embankment dams, calculated in Chapter 2, and the posterior probability will be based on
the observation of software modeling results and actual data collected on site for each
potential path.
In the second analysis, although no sign of erosion was detected in the studied case
at the time of inspection, to evaluate the safety in extreme condition, the breach time of the
dam is estimated with different methods assuming the dam is suffering from an active
piping. Also, by estimating the discharge fluctuation at any outflow over three year period,
the rate of erosion is assessed in a separate study.

5.2

Probability Analysis of Potential Flow Paths

In order to analyze the probability of each identified scenarios as the source of potential
flow paths, a Bayesian network model is developed and updated subsequently as new
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evidence was observed. In this model, the prior probabilities are calculated based on the
dam seepage zone database study, presented in Chapter 2. In the next step, for each detected
outflow at the downstream toe, the amount of discharge is calculated and calibrated with
the 3D software models for each identified scenario and compared to the actual outflow
discharge measured on site. This observation updates our belief about the status of each
potential path and lead us to calculate the posterior probabilities.
5.2.1

Bayesian Network Model for Detecting the Seepage Source

According to the results of site investigation and ERT survey presented in Section 1.3.4,
three potential sources of inflow were located for each outflow detected at the downstream
toe. Figure 5.1 shows the causal network representing the seepage incidents in the studied
dam.

Figure 5.1 Causal network representing seepage incidents in the studied dam.
The graph consists of five nodes with two types of variables “Source_i” and
“Seep_j” with subscript numbers, representing separate variables of the same name. Each
variable is in one of two states: “Pos” and “Neg” for Source_i and “Yes” and “No” for
Seep_j.
dom (Source) = {Pos, Neg} &

dom (Seep) = {Yes, No}

The variable Source_1 tells us this Source is the origin of seepage for any detected Seep_j,
by being in state “Pos” and so on for variables Source_2 and Source_3. Variable Seep_1
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tells us that seepage is detected at the station allocated to this incident (St. 0+20 ft. from
the right end of the jersey barriers in this case) by being in state “Yes”, and so on for
variable Seep_2. In summary:
● Source_1: Distressed seepage zone through the right abutment at St. 0+00 ft. with
domain: {Pos, Neg}
● Source_2: Distressed seepage zone through the embankment at St. 4+30 ft. from
the right abutment with domain: {Pos, Neg}
● Source_3: Distressed seepage zone through the left abutment at St. 6+50 ft. with
domain: {Pos, Neg}
● Seep_1: Downstream outflow seepage at St. 0+20 ft. from the right end of the
concrete jersey barriers with domain: {Yes, No}
● Seep_2: Downstream outflow seepage at St. 0+70 ft. from the right end of the
concrete jersey barriers with domain: {Yes, No}
Axioms:
1.
a. For any event, Source_i (i ⋲ {1, 2, 3}), 0 ≤ P(Source_i) ≤ 1, with
P(Source_i) = 1 if and only if Source_i is the source of the seepage of Seep_j
(j ⋲ {1, 2}) with certainty.
b. For any event, Seep_j (j ⋲ {1, 2}), P(Seep_j) = 1 if and only if outflow
seepage is detected at the surveying station. P(Seep_j) = 0, otherwise.
2. For the mutually exclusive events Source_1, Source_2 and Source_3 the
probability that either Source_1 or Source_2 or Source_3 occur is:
P(Source_1 OR Source_2 OR Source_3) = P(Source_1) + P(Source_2) + P(Source_3) = 1
3. For any two events Source_i (i ⋲ {1,2,3}) and Seep_j (j ⋲ {1,2}), the probability
that both Source_i and Seep_j occur is (joint probability of Source_i AND Seep_j)
P(Source_i AND Seep_j) = P(Source_i, Seep_j) = P(Source_i | Seep_j)P(Seep_j)
= P(Seep_j | Source_i)P(Source_i)

93

Assumption:
The source of any downstream outflow seepage, Seep_j (j ⋲ {1, 2}), is not more
than one distressed seepage zone, Source_i (i ⋲ {1, 2, 3}).
5.2.2

Prior Distribution

Prior distribution is an unconditional probability of an event before relevant evidence or
observation is taken into account and is usually elicited by subjective assessment of an
experienced expert or based on past information, such as previous experiments. If there is
no prior knowledge about the variables, equal probability would be assigned to the
parameters. In this case study, the prior probability of Source_i is determined based on the
statistical data, presented in Chapter 2 and the conditions of the site.
According to this database presented in Chapter 2, in seepage incidents, the
probability of concentrated seepages originating from abutment and embankment were
reported as %17.1 and %31.4, respectively. These probabilities needs to be adjusted to
provide the requirement of axiom 2, considering the probability of foundation and
embedded culverts as sources of concentrated seepage is zero, according to the site
condition. Based on the three defined scenarios, two identified sources are from the
abutments and one source is from the embankment. Therefore, the adjusted prior
probability for each scenario will be:
● %26.1, if the source of the concentrated seepage is through the abutment
P(Source_1 | Seep_j) = P(Source_3 | Seep_j) = 0.261
● %47.8, if the source of the concentrated seepage is through the embankment
P(Source_2 | Seep_j) = 0.478
Accordingly,
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P(Source_1 | Seep_j) + P(Source_2 | Seep_j) + P(Source_3 | Seep_j) = 1
These probabilities are considered as prior probabilities in the Bayesian Network
model for determining the sources of concentrated seepage detected at the downstream toe.
Additionally, according to the results of the other study presented in chapter 2, on
average, ERT method detected 98% of the anomaly zones were already discovered by the
other investigation methods. In other word, this method detects seepage incidents occurring
within its surveying range with 98% accuracy. Figure 3.12 presented the results of ERT
monitoring along three surveying lines which located low resistant zones, addressing
potential wet areas embedding seepage flow paths. Along the crest these zones were
detected at stations 0+00 ft., 4+30 ft., and 6+50 ft. from the right end of the right abutment
as the sources of each potential flow paths. However, although there is an uncertainty
involved for each of these detected points as the source of each path detected by ER
method, for simplicity this uncertainty is not taken into account considering ER method is
detecting the seepage zone with high accuracy according to the statistical study results.
5.2.3

Posterior Probability

Posterior probability of a random event is the conditional probability that is assigned after
the relevant evidence or observation is taken into account. In order to diagnose the potential
source of seepage distress zone, a source of project-specific variables, which reflect the
behavior and performance of the structure needs to be taken into account. This set of
information is updating our belief about the studied case by addressing the local-level
performance records in addition to our initial belief about the source of seepage distress
zones, known as global-level knowledge calculated as prior probability. According to
Equation 1.15 the posterior probabilities are calculated as:
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𝑃(𝑆𝑜𝑢𝑟𝑐𝑒_𝑖 | 𝑆𝑒𝑒𝑝_𝑗) =

P(𝑆𝑒𝑒𝑝_𝑗 | 𝑆𝑜𝑢𝑟𝑐𝑒_𝑖) P(𝑆𝑜𝑢𝑟𝑐𝑒_𝑖)
P(𝑆𝑒𝑒𝑝_𝑗)

(5.1)

where:


P(Source_i | Seep_j) is posterior probability of Source_i as source of Seep_j given
Seep_j is observed



P(Seep_j | Source_i) ≜ L(Source_i | Seep_j) is the Likelihood for Source_i as the
source of Seep_j



P(Source_i) is the prior probability of Source_i as source of Seep_j



P(Seep_j) is the probability of Seep_j

In order to determine the posterior probability, first the Likelihood L(Source_i | Seep_j)
needs to be quantified. For this purpose, the weight method of the marginal likelihood
function is employed as proposed by Li et al (2009). In this model, the attempt is towards
calculating the probability of Source_i given model M(p), where M(p) is software model of
the identified flow paths and the expectation operator (EM) over simulation models is taken
into account. According to equation 1.17 we have:
𝑃(𝑆𝑜𝑢𝑟𝑐𝑒_𝑖 | 𝑆𝑒𝑒𝑝_𝑗) = 𝐸𝑀 [P(𝑆𝑜𝑢𝑟𝑐𝑒_𝑖 | M (𝑝) , 𝑆𝑒𝑒𝑝_𝑗)]

(5.2)

= ∑ 𝑃(𝑆𝑜𝑢𝑟𝑐𝑒_𝑖 | M (𝑝) , 𝑆𝑒𝑒𝑝_𝑗) 𝑃(M (𝑝) | 𝑆𝑒𝑒𝑝_𝑗)

where P(M(p) | Seep_j) is the posterior model probability for model M(p) or posterior model
weight for model M(p) for any detected Seep_j. By replacing the parameters of the studied
case in Equation 1.18 the posterior probability is calculated as:
𝑃(𝑀

(𝑝)

𝑃(𝑆𝑒𝑒𝑝_𝑗 | 𝑀(𝑝) ) 𝑃(𝑀(𝑝) )
| 𝑆𝑒𝑒𝑝_𝑗) =
∑𝑃 𝑃(𝑆𝑒𝑒𝑝_𝑗 | 𝑀(𝑝) ) 𝑃(𝑀(𝑝) )

(5.3)

To determine combined model weight for each combination of models and
methods, θ(p) is assigned as a hydraulic conductivity estimation of flow paths for model
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M(p) and P(θ(p) | M(p), Seep_j) represents the method weight for θ(p) in software model M(p)
for any detected Seep_j. According to equation 1.20, the method weight is:
𝑃(θ

(𝑝)

|𝑀

(𝑝)

𝑃(𝑆𝑒𝑒𝑝_𝑗 | 𝑀(𝑝) , θ(𝑝) ) 𝑃(θ(𝑝) | 𝑀(𝑝) )
, 𝑆𝑒𝑒𝑝_𝑗) =
∑ 𝑃(𝑆𝑒𝑒𝑝_𝑗 | 𝑀(𝑝) , θ(𝑝) ) 𝑃(θ(𝑝) |𝑀(𝑝) )

(5.4)

where P(Seep_j | M(p) , θ(p)) is the marginal likelihood function for a given model M(p) and
a given method θ(p). According to Equations 1.21 to 1.23, the marginal likelihood function
is calculated as:
P(Seep_j | M(p) , θ(p)) ≈ exp [- 0.5 × BIC(p)]

(5.5)

BIC(p) = Q(p) + n ln 2π + m(p) + ln n

(5.6)

Q(p) = (qcal - qobs)T Cq-1(qcal - qobs)

(5.7)

where

Q(p): the sum of squared weighted residuals of head
qobs: the observed discharge at the Outflow
qcal: the calculated discharge with the software model for each flow path,
n: the number of the observed discharges
m(p): the number of parameters (conductivity of the flow path in this case)
Cq: the covariance matrix, a diagonal matrix for independent discharge errors. The
variances in Cq are estimated by running a sufficient number of realizations of the data
weighting coefficients, calculated with equation 1.23.
To determine the combined model weight, in the first step the amount of C q needs
to be determined. For this purpose, the amount of discharge was calculated for 8 different
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hydraulic conductivity (θ(p)) of flow path regions in the software models. It is assumed the
hydraulic conductivity of the flow path region is relatively lower than the surrounding soil
and equivalent to conductivity of gravel, ranges between 1×10-3 to 1×10-1 ft/s. Table 5.1 is
showing the model results of the discharge (q) for different hydraulic conductivity (θ(p)) at
three reservoir level for Flow Path 1-1. It should be noted that the hydraulic conductivity
value was assigned to the main models is 6×10-3 ft/s.
Table 5.1 Calculated Model Discharge of Flow Path #1-1 for Various Flow Path
Conductivity
FP 1-1 (source_1)

h1 (42)

h2 (47)

h3 (51)

n

K(ft/s)

Q (cu ft/s)

Q (cu ft/s)

Q (cu ft/s)

1

1×10-3

0.00079

0.0013

0.0015

2

3×10-3

0.0011

0.0041

0.0052

3

6×10-3

0.0015

0.0064

0.0107

4

9×10-3

0.00182

0.0104

0.0147

5

2×10-2

0.00242

0.0163

0.0224

6

5×10-2

0.00288

0.0195

0.0286

7

8×10-2

0.00351

0.0258

0.0306

8

1×10-1

0.00393

0.0281

0.0313
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This analysis was implemented for all the flow paths and both the outflows.
According to equation 1.23 and equations 5.3 to 5.7, the likelihood of Flow Path #1 for
Outflow #1 L(Source_1|Seep_1) is calculated as:
σ12 (for h1 = 42 ft.) = 3.12 × 10-6
σ22 (for h1 = 47 ft.) = 1.15 × 10-4
σ32 (for h1 = 51 ft.) = 1.53 × 10-4
Q(p) = 0.212
n ln 2π + m(p) + ln n = 6.612
BIC(p) = 6.824
L(Source_1 | Seep_1) = 0.0330
Employing the same methodology, the likelihood for all the Flow Paths and for
both the Outflows are calculated as presented in Table 5.2.
Table 5.2 Summary of Likelihood of Each Flow Path for the Detected Outflows
Likelihood
summary

Flow Path #1
(Source_1)

Flow Path #2
(Source_2)

Flow Path #2
(Source_2)

Outflow #1
(Seep_1)

0.0330

0.0233

0.0051

Outflow #2
(Seep_2)

0.0297

0.0345

0.0090

By normalizing the likelihood values for each Outflow, the posterior probability of
each Source_i for any Seep_j is calculated from equation 5.1. Table 5.3 is summarizing
the P(Source_i | Seep_j) for both of the Outflows. The joint probabilities of Seep_j for
Outflows #1 and #2 are calculated as:
P(Seep_1) = 34.33%
P(Seep_2) = 36.34%
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Table 5.3 Summary of the Posterior Probabilities of Source_I for (a) Flow Path #1 and
(b) Flow Path #2
OUTFLOW #1 (Seep_1)
Source

prior probability likelihood

Likelihood
(normalized)

Posterior
Probability

1

26.1%

0.0330

53.8%

40.9%

2

47.8%

0.0233

37.9%

52.8%

3

26.1%

0.0051

8.3%

6.3%

(a)
OUTFLOW #2 (Seep_2)
Source

prior probability likelihood

Likelihood
(normalized)

Posterior
Probability

1

26.1%

0.0297

40.6%

29.2%

2

47.8%

0.0345

47.2%

62.1%

3

26.1%

0.0090

12.2%

8.8%

(b)
As the results of the posterior probabilities in Table 5.3 show, Source_2 is the most
probable source of flow for both of the Outflows based on the prior beliefs on origin of the
seepage flows in earth embankment dams and observation of discharge for each potential
Flow Path. However, Source_1 also has a considerable probability as the origin point of
Outflow #1, especially after the observation, the probability of this source was raised
significantly (from 26.1% to 40.9%). Such noticeable change is an indicator of site
condition (local-level data) is recognizing this source as the most expected origin of
Outflow #1, compare to the other two sources. More observations will update our belief on
the probabilities and increase the accuracy and confidence over the source of flows.
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For Outflow #2, the prior probability identified Source_2 as the most probable
source compare to the other two regions, after the observation was made, the probability
of this origin was increased significantly and Source_2 can be accounted as the most
expected source of Outflow #2 based on the available data. Obviously, as more
observations are made, our belief about these probabilities are updated. Source_3 seems to
be the least probable origin of the both Outflows #1 and #2 as its probability was decreased
considerably after the first observation was made.
5.2.4

Discussion

In this section the probabilities of different scenarios, which were identified by visual
inspection and ER survey of the studied dam were evaluated with Bayesian network model.
In this model, the prior probabilities were calculated in a separate study presented in
Chapter 2. 3D software models were developed for each potential Flow Path and the
discharge values were calculated for three different reservoir levels to be compared with
the actual discharge was measured on the site as presented in chapters 3 and 4. The
likelihood of each source was evaluated based on the results of the discharge measurement
and calculating the weighting factor based on each Flow Path conductivity distribution.
According to the results, Source_2 (potential crack in the concrete core at station about
4+30 ft. from the right end of the guard rail and at the depth about 25 ft.) is the most
probable source of flow for Outflow #1 and Outflow #2. Source_1 (Seepage through the
right abutment) has also considerable probability as the origin of Outflow#1, especially
after the observation was made. Source_3 (Seepage through the left abutment) seems to
have the least probability as the origin of these detected Outflows. However, it should be
noted the probability of seepage source for each Outflow was evaluated independently. In
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other words, in case Source_1 is the origin of the Outflow #2 with certainty, all the
probabilities for Outflow #2 needs to be updated as the new observation was made and so
on and so forth. In this model, the probabilities will be updated as new source of data is
available. By accepting the calculated probabilities in this step as the prior probabilities
and taking into account the results of any new observation, the new posterior probabilities
are calculated, which is our new belief about the sources of each detected Outflow. This
process may continue until the sources are recognized with acceptable level of certainty.

5.3

Potential Failure Time and Rate of Erosion

One of the critical matters in safety studies of dams’ seepage, is estimating the available
time to implement essential actions. These actions range from practices such as lowering
the reservoir level, implementing emergency temporary remedial operations or carrying
out more site investigations to permanently fix the distressed zones. In extreme situation,
even emergency evacuation of the downstream flooding regions is necessary to reduce the
potential risk of loss. Although almost all the earth embankment dams are suffering from
seepage to some extent, but as long as the seepage is under control and no sign of piping
or erosion is detected, the condition is considered as safe. Referring to Figure 1.1, the dam
is not necessarily in critical condition even if it is suffering from the internal erosion within
the “Progression of Breach Initiation” (Time T1–T2) phase, but the erosion is under control
and the required contingency actions were in place. However, in order to reduce the
potential risk of failure and ensure the dam is performing in a safe condition, the attempt
is to warrant the status of the dam will remain within “Progression of Breach Initiation”
stage. As this schematic graph shows, as soon as the breach initiation stage transits into
breach formation (Time T2–T3), the rate of erosion increases dramatically, where providing
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safety of the dam could be burdensome, if not impossible.
Nevertheless, as the progress of internal erosion is suspected or already been
detected in situ, it is difficult to predict the rate of erosion and estimate the time of breach
as many uncertainties are involved. Many references put forward equations for prediction
of time of failure according to specifications of dams or dikes. Four methods of dam
seepage erosion failure time were presented in section 1.3.1.
For the studied case, although no sign of internal erosion was reported or observed
at the time of inspection, it is assumed an active erosion is occurring and the failure time
is estimated with different presented methods to evaluate the safety in more critical
condition. More assumptions are made for the parameters with no available sources of data
to assign. Such assumptions are described for each employed estimation method.
5.3.1

Theoretical Estimate of Failure Time

For two methods proposed by MacDonald et al. and Froehlich, a single formulation is
presented, which requires to replace the parameters to estimate the time of failure. These
parameters are mainly representing some basic hydraulic characteristics of the dam that
were measured on site or estimated according to the characteristics of the dam and flow.
On the contrary, in the methods proposed by Bonelli et al. and Chen et al., more parameters
are involved and multiple equations need to be solved simultaneously and repetitively to
converge the calculated quantities and measure the failure time. For this purpose, these
estimation methods are programmed in MATLAB by defining the geotechnical and
hydraulic parameters and calculating the final failure time within a repetitive loop. The
syntaxes of these model and description of the parameters are presented in Appendix C.
The assumptions and estimations for employing the theoretical methods in estimating the
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failure time are:
● Length of the pipe is equal to the base of downstream cross section (L =140 ft. =
42.7 m)
● Diameter of the pipe before the roof collapse is equal to half of the embankment
height: d = 30 ft. = 9.14 m
● Depth of water above breach invert at time of failure is equal to upstream reservoir
water elevation: hw = 51 ft. = 15.54 m
● Vw = 20,000 ac.ft. = 2.47 × 107 m3 (reservoir volume at the time of failure)
● Silty sand soil critical stress: τc = 13 Pa.
● Dry soil density: ρdry = 1500 kg/m3
● Fell coefficient of soil erosion: Ce = 0.001
● Pipe radius at the time of detection: Rd = 0.04 m
● Inclination angle of the seepage passage: θ = 30 degree
● Inter-particle friction angle of silty sand soil: φ = 32 degree
● Cohesion of silty sand soil: C = 18,000 N/m3
● Velocity coefficient: μ = 0.97
● Porosity: n = 0.3
Therefore, the time of failure (roof collapse) with each of the theoretical methods is
estimated as:
● MacDonald and Langridge-Monopolis (from equation 1.1)
tf = 0.32 hr ≈ 20 min
● Froehlich (from equation 1.2)
tf = 0.61 hr ≈ 37 min
● Bonelli and Benahmed (from equations 1.3 to 1.8)
tf = 1.72 hr ≈ 103 min
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● Chen and Zhang (from equations 1.9 to 1.12)
tf = 2.34 hr ≈ 142 min
As the results show, the range of estimated failure time is between 20 minutes to
142 minutes. Wahl (2004) evaluated the failure time predictions suggested by MacDonald
et al. and Froehlich, realizing the equations tend to conservatively underestimate actual
failure times. Considering these empirical relations are mostly straightforward regression
relations that give the failure time solely as a function of limited parameters of the dam and
reservoir, it is not expected the calculated values are so accurate. The methods proposed
by Bonelli et al. and Chen et al. seem to be more precise theoretically, as major parameters
of the dam and flow are taken into account and the progression of erosion is analyzed more
systematically and logically. These two methods are estimating the failure time with less
than 30% difference from each other and relatively higher than the two other methods.
However, it should be noted such estimates are from the time the first signs of erosion are
detected and assume that soil is continuously washed out and the process of erosion
develops progressively. But in reality this is not the actual behavior of internal erosion the
earthen structures in most of the incidents, as the washed-out material may blocked
partially or completely the evolutionary pipe and will delay or even clog the piping
progress, known as self-healing. Furthermore, for the studied case, visual inspection of the
existing condition of the dam did not report any sign of erosion or turbidity in the outflow
seepage, indicating no active erosion is occurring at the detected outflows at the toe.
Though, any change in the dam’s behavior or surrounding condition may result in change
of erosion progress of the dam.
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5.3.2

Empirical Estimate of Rate of Erosion

In order to estimate the actual progress of erosion and increasing rate of the pipe diameter,
the behavior of the dam and seepage flows need to be studied exclusively. The applied
methodology to achieve this goal is monitoring the variation of discharge for each outflow
over a period of time. If the outflow discharge at any spot has not been changed over the
time for the same reservoir elevation, we may conclude no erosion occurred during the
period of monitoring and the pipe diameter was not increased. Increasing in amount of
discharge over the time for each outflow at a specific reservoir level is an indicator of
expansion of pipe diameter means an internal erosion is occurring. On the other hand,
decreasing in discharge could be a sign of self-healing or blockage of the pipe. Some
assumptions and estimates are made to evaluate the rate of erosion in the studied dam.
Table 5.4 is presenting the estimated discharge values for different reservoir level and over
3 consecutive year.
Figures 5.2 is illustrating the discharge fluctuation over 3 years for two detected
outflows. As the graphs show, the value of maximum discharge for Outflow #1 was not
changed during three year period of the measurement where the maximum discharge
occurred between months of July and September, depending on the reservoir level. But,
Outflow #2 does not show the same behavior as the value of maximum discharge is
increasing (from 0.0028 to 0.0042 cu ft. /s) during the inspection period, which could be
an indicator of expanding the pipe diameter and erosion within the path.
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Table 5.4 Estimated Discharge Values for Different Reservoir Level over Three-Year Period
2014
2015
2016
Reserv. Q1
Q2
Reserv. Q1
Q2
Reserv. Q1
Q2
Month level (ft) (cu ft/s) (cu ft/s) level (ft) (cu ft/s) (cu ft/s) level (ft) (cu ft/s) (cu ft/s)
Jan
44
0.00112 0.00000 42
0.00126 0.00000 41
0.00093 0.00000
Feb
44
0.00305 0.00000 42
0.00098 0.00010 40
0.00071 0.00000
Mar
45
0.00523 0.00000 43
0.00184 0.00012 42
0.00104 0.00000
Apr
46
0.00647 0.00012 47
0.00743 0.00230 45
0.00369 0.00098
May
45
0.00605 0.00010 48
0.00971 0.00280 49
0.01045 0.00286
Jun
47
0.00850 0.00170 50
0.01004 0.00370 51
0.01240 0.00400
Jul
50
0.01170 0.00220 51
0.01157 0.00340 51
0.01195 0.00420
Aug
51
0.01240 0.00280 48
0.00922 0.00290 51
0.01188 0.00400
Sep
51
0.01190 0.00280 48
0.00899 0.00280 48
0.00914 0.00310
Oct
48
0.00810 0.00095 47
0.00880 0.00240 46
0.00471 0.00215
Nov
46
0.00620 0.00056 45
0.00462 0.00085 45
0.00404 0.00091
Dec
44
0.00320 0.00010 43
0.00247 0.00010 44
0.00258 0.00022
In order to study the discharge fluctuation of the outflows more accurately, the
mean and standard deviation of the measured discharges for each reservoir elevation is
calculated (Table 5.5) and seasonal discharge variations are compared along three year
period. Figure 5.3 is comparing these seasonal changes in comparison with the discharge
mean value for each outflow.

(a)
Figure 5.2 Discharge fluctuation over three year period for (a) Outflow #1 (Continued).
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(b)
Figure 5.2 (Continued) Discharge fluctuation over three year period for (b) Outflow#2.

Table 5.5 Discharge Mean Value and SD for Various Reservoir Level
Reserv. Q1 Mean
level (ft) (cu ft/s)

Standard Q2 Mean Standard
deviation (cu ft/s) deviation

40

0.000712

0.000000 0.000000 0.000000

41

0.000925

0.000000 0.000000 0.000000

42

0.001028

0.000178 0.000025 0.000050

43

0.002155

0.000445 0.000110 0.000014

44

0.002500

0.000822 0.000101 0.000101

45

0.004726

0.000944 0.000568 0.000476

46

0.005793

0.000948 0.000627 0.000543

47

0.008243

0.000720 0.002133 0.000379

48

0.009032

0.000587 0.002602 0.000682

49

0.010450

0.000000 0.002860 0.000000

50

0.010870

0.001174 0.002950 0.001061

51

0.012017

0.000326 0.003533 0.000628
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(a)

(b)
Figure 5.3 Seasonal outflow discharge vs. reservoir level for (a) Outflow #1 and
(b) Outflow #2.

Table 5.6 shows the normalized value of discharge for each reservoir elevation
over three year period. According to the results of the normalized values for the two
outflows’ discharge, it is revealed unlike Outflow #1 discharge (Q1), the average discharge
for Outflow #2 (Q2) has been increased considerably over three year period. For better
overall comparison between both of the Outflows, the average of normalized values are
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presented separately in Table 5.7. This increase for the same level of the reservoir in
Outflow #2 could be a sign of increase in size of the pipe diameter, indicating an active
erosion is occurring and soil material has been washed out.
Table 5.6 Discharge Normalized Values for Different Reservoir Levels over Three-Year
Period
Reserv.
Q1
Q1 (cu ft/s) Q2
Q2 (cu ft/s)
Month level (ft) (cu ft/s) Normalized (cu ft/s) Normalized
Jan
44
0.00112 -1.67788
0.00000 -0.99015
Feb
44
0.00305 0.66872
0.00000 -0.99015
Mar
45
0.00523 0.53408
0.00000 -1.19224
Apr
46
0.00647 0.71389
0.00012 -0.93295
May
45
0.00605 1.40302
0.00010 -0.98234
Jun
47
0.00850 0.35640
0.00170 -1.14459
Jul
50
0.01170 0.70711
0.00220 -0.70711
Aug
51
0.01240 1.17725
0.00280 -1.16731
Sep
51
0.01190 -0.35829
0.00280 -1.16731
Oct
48
0.00810 -1.58842
0.00095 -2.41968
Nov
46
0.00620 0.42904
0.00056 -0.12276
Dec
44
0.00320 0.85110
0.00010 0.00000
Average 0.26800
-0.98471
(2014)

Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Reserv.
level (ft)
42
42
43
47
48
50
51
48
48
47
45
43

Q1
(cu ft/s)
0.00126
0.00098
0.00184
0.00743
0.00971
0.01004
0.01157
0.00922
0.00899
0.00880
0.00462
0.00247
Average

Q1 (cu ft/s)
Normalized
1.30587
-0.27018
-0.70711
-1.12938
1.15553
-0.70711
-1.37175
0.32041
-0.07158
0.77297
-0.11233
0.70711
-0.00896
(2015)

110

Q2
(cu ft/s)
0.00000
0.00010
0.00012
0.00230
0.00280
0.00370
0.00340
0.00290
0.00280
0.00240
0.00085
0.00010

Q2 (cu ft/s)
Normalized
-0.50000
1.50000
0.70711
0.44023
0.29329
0.70711
-0.21224
0.43994
0.29329
0.70436
0.59192
-0.70711
0.35483

Table 5.6 Continued Discharge Normalized Values for
Three-Year Period
Reserv.
Q1
Q1 (cu ft/s)
Month Level (ft) (cu ft/s)
Normalized
Jan
41
0.000925 0.00000
Feb
40
0.000712 0.00000
Mar
42
0.001040 0.06755
Apr
45
0.003690 -1.09783
May
49
0.010450 0.00000
Jun
51
0.012400 1.17725
Jul
51
0.011950 -0.20474
Aug
51
0.011880 -0.41972
Sep
48
0.009140 0.18407
Oct
46
0.004710 -1.14293
Nov
45
0.004040 -0.72694
Dec
44
0.002580 0.09727
Average -0.17217
(2016)

Different Reservoir Levels over
Q2
(cu ft/s)
0.00000
0.00000
0.00000
0.00098
0.00286
0.00400
0.00420
0.00400
0.00310
0.00215
0.00091
0.00022

Q2 (cu ft/s)
Normalized
0.00000
0.00000
-0.50000
0.86479
0.00000
0.74283
1.06119
0.74283
1.32068
2.80500
0.71786
1.18818
0.74528

Table 5.7 Average of Discharge Normalized Value over Three-Year Period
Q1 (cu ft/s)
Q2 (cu ft/s)
Year
Normalized
Normalized
2014

0.26800

-0.98471

2015

-0.00896

0.35483

2016

-0.17217

0.74528

In order to have an estimate of erosion rate for Outflow #2 based on the empirical
site data, some assumptions and estimates are made. The reference reservoir level for
comparing the change of discharge value is considered at 51 ft. and the variation is
compared over two years. The assumptions and estimates are as follow:
● Length of the Flow Path pipe (L) = 140 ft.
● Height of water head drop (h) = 40 ft.
● Pipe hydraulic conductivity (K) = 0.2 ft./s
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According to Table 5.4:
● Q2 (Aug 2014) = 0.0028 cu ft/s

(at reservoir level = 51 ft.)

● Q2 (Aug 2016) = 0.004 cu ft/s

(at reservoir level = 51 ft.)

Therefore according to Darcy’s law equation (Q = K.i.A) we have:
● Hydraulic gradient (i = h/L) = 0.29
● Initial pipe cross section area (A1) = 0.05 SF = 7.06 sq.in.
● Initial diameter of pipe (d1) = 3.00 in
● Final pipe cross section area (A2) = 0.07 SF = 10.08 sq.in.
● Final diameter of pipe (d2) = 3.59 in
● Change in Diameter (Δd) = 0.59 in (over 2 years period)
● Change in cross section (ΔA) = 0.02 SF = 3.02 sq.in.
● Amount of soil washed out (ΔV) = 2.94 cu.ft.
According to this estimate, the diameter of the pipe had been widened about 0.6
inches on average and almost 3 cubic feet of soil was washed out through the flow path
pipe during two years period. As the results of the empirical analysis show, the rate of
erosion may not have serious safety hazard over the short term period, if the behavior of
the dam does not change. However, any incident may change the stable behavior of the
flow and results in critical active erosion, where the rate of erosion raises and the breach
process starts. In this case the failure time is estimated with the theoretical methods
discussed earlier.
5.3.3

Discussion

Upon diagnosing initial signs of concentrated seepage and possible internal erosion,
estimating the potential time of failure is essential to address the safety status of the dam
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and implementing subsequent measures accordingly. Such actions vary from simple
operations like lowering the reservoir to implementing emergency repairs or long-term
permanent remediation, or even evacuating downstream flood zones in a critical condition
to reduce the risk of loss.
However, there are many uncertainties in estimating the failure time from the time
the initial signs of seepage and internal erosion is observed. Some studies have been
implemented to evaluate the failure time according to the characteristics of the structure
and flow. Although for the studied dam, no sign of internal erosion was observed, some
assumptions were made to estimate the potential failure time with these theoretical
methods, in case of any active internal erosion is occurring. According to this analysis, the
theoretical time of failure was estimated between 20 to 142 minutes with different methods.
However, it should be noted that these methods are considering the piping process develops
progressively, assuming as soon as initial signs of erosion is detected, the soil material
within the pipe is washed out and the pipe diameter expands continuously until the final
roof collapse of the pipe. Although this scenario may occur, however, in reality the washedout material may blocked partially or completely the evolutionary pipe and will delay or
even clog the piping progress, known as self-healing. Therefore, these theoretical methods
may underestimate the time of failure to some extent.
In a separate study, the rate of erosion was also evaluated empirically, by
monitoring the variation of discharge according to the reservoir level over a period of time.
In this analysis, it is considered that increasing the amount of discharge for specific
reservoir level could be an indicator of material washed-out and expanding the diameter of
pipe over the time. The results of discharge fluctuation monitoring at two outflows over
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the 3 years period implies the amount of discharge at Outflow #1 had not been mutated
over the monitoring period where the discharge at Outflow #2 was increased about 30%
over two years. Considering the characteristics of the dam and the flow parameters, the
increased of the pipe diameter was estimated at about 0.3 inch per year. This rate of erosion
is considerably lower than the rates calculated via theoretical methods to estimate the
failure time. As mentioned, no sign internal erosion or piping was observed at the studied
dam and no critical active erosion is taking place, justifying the substantial difference
between the theoretical and empirical estimates.
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CHAPTER 6

CONCLUSION
Failure of earth embankment dam may result in catastrophic incidents. Considering
concentrated seepage and internal erosion are accounted as one of the major causes of failure,
it is essential the dams are regularly inspected to detect any abnormal behavior at very early
stage for subsequent safety measures. Various dam safety monitoring methods have been
evolved over the past few decades, each is measuring specific parameter of the structure or
flow with advantages and limitations for each method. Electrical Resistivity Tomography
(ERT) is one of the effective methods in seepage monitoring in earthen hydraulic structures,
confirmed by scholars and experts. Many case studies confirmed the accuracy and reliability
of this method. When a leak is detected with any monitoring tool, an analytical method needs
to be employed to find the source of the flow and investigate for any sign of internal erosion.
In case of erosion occurrence, the rate of erosion and potential failure time needs to be
estimated.
In this study, first, two separate statistical studies were done. In the first study, 182
seepage incidents in earth embankment dams were studied to identify the potential sources of
flow. According to this study, in 45.0% of the incidents this source was located around
embedded culverts, pipes and spillways. This number was 31.4%, 17.1% and 6.4% for
embankments, abutments and foundation respectively. In the second study, the accuracy of
ERT method in seepage detection in earthen hydraulic structures was evaluated by reviewing
22 case studies. In these case studies, ERT and one or more other seepage monitoring methods
were employed to detect the flows. According to the results, in 98% of the incidents, ERT
detected the zones with anomaly behavior that already been detected by any other methods,
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indicating the accuracy and reliability of ERT in earth embankment dam seepage studies.
Second, an earth embankment dam suffering from concentrated seepage was monitored
visually and with ERT method. The dam is about 60 ft. high, has concrete core and is located
in north New Jersey. Visual inspection found two outflows at the toe of the dam. By installing
weirs, the discharge of the flows were measured during three seasons and at different reservoir
levels. ER survey was implemented along three surveying lines at the crest, mid-berm and the
toe and low resistant zones were detected, which were considered as the potential zone of flow
at each section of survey. According to the results of the monitoring, three different seepage
scenarios were identified for each of the detected outflows and the source and path of each
flow was located. The recognized sources for both of the outflows were determined at the right
abutment (Source_1), crack in the concrete core at station about 4+30 ft. from the right
abutment (Source_2), and the left abutment (Source_3). 3D software models were developed
for each of the identified scenarios and the discharge was calculated for each model and at
three reservoir levels.
Bayesian Model Network was employed as an analytical tool to determine the
probability of each identified scenario. In this model, the prior probabilities are assessed base
on the calculated probabilities that were determined in the first statistical study. These values
were adjusted according to the specification of the studied case, by taking into account that the
source of flows were not through the foundation and around the embedded culverts, pipes and
spillways. The observation for this analysis was the error between the calculated discharges
values of each identified flow path for each outflow and the actual measured values at three
different reservoir levels. According to the results of the posterior probability analysis,
Source_2 has the most probability as the origin of the flow for both of the detected outflows.
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For Outflow #1, Source_1 has also a considerable probability, whilst Source_3 has the
minimum probability of acting as the origin of any of the detected outflows and based on the
available data and the observation.
Although no sign of piping or internal erosion was observed at the studied dam, by
assuming an active erosion is occurring, the failure time of the dam is estimated with four
theoretical methods, proposed by scholars. Some assumptions and estimation were made to
determine the geotechnical and hydraulic parameters. According to this analysis the failure
time ranged between 20 to 142 minutes since the first signs of the erosion is detected and with
the assumption the erosion is continuously progressed until the final failure of the dam. In a
separate analysis, by evaluating the change of discharge rate and estimating the length of the
flow pipe, change the diameter of the flow pipe and approximate volume of washed out soil
was rated. Although according to available data and the general condition, the dam seems to
be sick but in a stable condition, but any trigger (like settlement, earthquake, hurricane, etc.)
may change the behavior and bring it to critical situation, where managing and controlling of
it could be extremely difficult and costly, if not impossible.
In this research, only one geophysical monitoring method (ERT) was employed to
identify potential flow path scenarios for one reservoir level. It is recommended to utilize
multiple methods and over a period of time to closely monitor the behavior of the dam and
quantify the results to update the probability beliefs about the potential sources of the leaks.
Implementing dye test at the three potential sources were identified in this this stage of
investigation is a recommended approach for the following step of monitoring.
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APPENDIX A
STATISTICAL DATASET TO LOCATE POTENTIAL SOURCES OF SEEPAGE

Table A.1 is presenting the list of the studied dams for statistical analysis to identify the origin
of the concentrated seepage and some generic information of each dam. The source of this
assessment study is National Performance of Dams Program (NPDP) database, developed by
Stanford University.
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APPENDIX B
STATISTICAL DATASET TO EVALUATE ELECTRICAL RESISTIVITY
METHOD IN SEEPAGE DETECTION

Table B.1 is presenting the list of the studied dams for statistical analysis to evaluate the
accuracy of Electrical Resistivity method in detecting subsurface flows in earthen hydraulic
structures.
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APPENDIX C
MATLAB SYNTAXES FOR Estimating THE FAILURE TIME OF THE STUDIED
DAM, DUE TO INTERNAL EROSIOIN

In Appendix C, MATLAB programing syntaxes for estimating the failure time of the studied
dam with two methods proposed by Bonelli and Benahmed, and Chen, Zhong and Cao are
presented. Some parameters are estimated.
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%Time of failure based on Bonelli and Benahmed method%
Tc = 13;
%Soil critical stress, Silty Sand (pa)%
L0=42.7;
%initial length of the pipe (m)%
Rho_s=1500;
%dry soil density (kg/m^3)%
Ie=3;
%Fell erosion index (s/m)%
Ce=10^(-Ie);
%Fell coefficient of soil erosion)
Hdam=18.3;
%height of the dam (m)%
Hw=15.54;
%water level from the base (m)%
Rd=0.04;
%pipe radius at the time of detection (m)%
Rho_w=1000;
%water density (kg/m^3)%
g=9.8;
%gravity (m/s^2)%
Cl=L0/Hdam;
Lt=L0;
%current pipe length (m)%
delta_Pt=98333;
%average pressure drop (Pa)%
Rt=Rd;
%radius evolution of pipe (m)%
P0=Rd*delta_Pt/(2*Lt); %driving pressure (Pa)%
ter=2*Rho_s*Lt/(Ce*delta_Pt); %characteristing time of piping%
Ru=Hdam/2;
%maximum radius of piping before roof collapse (m)%
td=0;
%time of detection (s)
tf=0;
%time of failure (s);
while Rt<Ru
Rt=Rd*(Tc/P0+(1-Tc/P0)*exp(td/ter));
P0=Rd*delta_Pt/(2*Lt);
ter=2*Rho_s*Lt/(Ce*delta_Pt);
tf=ter*log(Ru/Rd);
Lt=Cl*(Hdam-Rt);
delta_Pt=Rho_w*g*(Hw-Rt);
td=td+1;
end
disp(tf/3600);
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%Time of failure based on Chen and Zhang method%
theta=30;
phi=32;
C=1.80E4;
d50=1.5E-3;
gamma_s=1.47E4;
gamma_w=9.80E3;
g=9.8;
mu=0.97;
h=15.5;
Rd=0.04;
L=42.7;
n=0.3;
Hdam=18.3;
v=mu*(2*g*h)^0.5;

%inclination angle of the seepage passage (degree)%
%inter-particle friction angle of silty sand soil (degree)%
%Cohesion (N/m^2)%
%median diameter of dam materials (m)%
%specified weight of soil (N/m^3)%
%specified weight of water (N/m^3)%
%gravity (m/s^2)%
%velocity coefficient%
%reservoir water elevation (m)%
%initial radius of the seepage pipe (m)%
%length of seepage path (m)%
%porosity%
%height of the dam (m)%
%seepage velocity (m/s)%

vc=((40*g*d50*(gamma_s-gamma_w)*(tan(phi)*cos(theta)sin(theta))/(3*gamma_w*(tan(phi)*cos(theta)sin(theta)+4))+80*g*C/(gamma_w*(tan(phi)*cos(theta)-sin(theta)+4))^0.5;
%critical incipient velocity (m/s)%
Rt=Rd;
t=0;
delta_R=0;

%radius of pipe at time of t (m)%
%time (hr)%
%increment of seepage radius (m)%

while Rt<Hdam/2
vf=(g*Rt*h/(2*L))^0.5;

%friction velocity (m/s)%

Qs=0.5*pi/cos(theta)*Rt*vf*(v^2-vc^2)/(g*(gamma_s/gamms_w-1));
%seepage erosion within seepage passage (m^3/s)%
Qb=pi*Rt^2*mu*(2*g*h)^0.5;

end;

%flux within seepage passage (m^3/s)%

delta_R=t*Qs/(2*pi*Rt*L*(1-n));
Rt=Rt+delta_R;
t=t+0.02;

disp( t)
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